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Abstract
Madagascar’s southern coastal marine zone is a region of high biological productivity which
supports a wide range of marine ecosystems, including fisheries. This high biological produc-
tivity is attributed to coastal upwelling. The thesis seeks to characterise the variability of the
coastal upwelling south of Madagascar.
The first part of the thesis provides new insights on the structure, variability and drivers of
the coastal upwelling south of Madagascar. Satellite remote sensing is used to characterize the
spatial extent and strength of the coastal upwelling. A front detection algorithm is applied to
thirteen years of Multi-scale Ultra-high Resolution (MUR) Sea Surface Temperatures (SST)
and an upwelling index is calculated. The influence of winds and ocean currents as drivers
of the upwelling are investigated using satellite, in-situ observations, and a numerical model.
Results reveal the presence of two well-defined upwelling cells. The first cell (Core 1) is located
in the southeastern corner of Madagascar, and the second cell (Core 2) is west of the southern
tip of Madagascar. These two cores are characterized by different seasonal variability, different
intensities, different upwelled water mass origins, and distinct forcing mechanisms. Core 1 is
associated with a dynamical upwelling forced by the detachment of the East Madagascar Cur-
rent (EMC), which is reinforced by upwelling favourable winds. Core 2 which appears to be
primarily forced by upwelling favourable winds, is also influenced by a poleward eastern bound-
ary flow coming from the Mozambique Channel. This intrusion of Mozambique Channel warm
waters could result in an asynchronicity in seasonality between upwelling surface signature and
upwelling favourables winds.
The second part of the thesis focuses on the interaction between the intrusion of warm water
from Mozambique channel and the upwelling cell in Core 2. Cruise datasets, satellite remote
sensing observations and model data analyses are combined to highlight the existence of a
coastal surface poleward flow in the south-west of Madagascar: the South-west MAdagascar
iv
Coastal Current (SMACC). The SMACC is a relatively shallow (<300 m) and narrow (<100
km wide) warm and salty coastal surface current, which flows along the south western coast
of Madagascar toward the south, opposite to the dominant winds. The warm water surface
signature of the SMACC extends from 22◦S (upstream) to 26.4◦S (downstream). The SMACC
exhibits a seasonal variability: more intense in summer and reduced in winter. The average
volume transport of its core is about 1.3 Sv with a mean summer maximum of 2.1 Sv. It is
forced by a strong cyclonic wind stress curl associated with the bending of the trade winds along
the southern tip of Madagascar. The SMACC directly influences the coastal upwelling regions
south of Madagascar. Its existence is likely to influence local fisheries and larval transport
patterns, as well as the connectivity with the Agulhas Current, affecting the returning branch
of the global overturning circulation.
The last part of the thesis provides a holistic understanding of the inter-annual variability of the
upwelling cells associated with the multiple forcing mechanisms defined in the first two parts of
this work. Results reveal that the upwelling cells, Core 1 and Core 2, have different inter-annual
variabilities. Inter-annual variability of Core 1 is associated with the East Madagascar Current
(EMC) while Core 2 is linked with the South-west MAdagascar Coastal Current (SMACC).
Inter-annual changes in the EMC occur as a result of oscillations in the South Equatorial Cur-
rent (SEC) bifurcation off Madagascar, while the inter-annual variability in the SMACC is
influenced by the cyclonic wind stress curl inter-annual variability. The upwelling is also linked
with global/regional climate modes. Both Cores are highly correlated with the Subtropical
Indian Ocean Dipole (SIOD). Core 2 is also correlated to the Indian Ocean Dipole (IOD). Both
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Coastal upwelling is a physical oceanic process whereby alongshore winds and ocean current,
cause an upward displacement of water from the subsurface towards the upper layer of the
ocean. Coastal upwelling leads to increased nutrient levels near the surface, thus promoting
phytoplankton growth and marine biological productivity with positive implications for the
fishery industry (Bakun 1975, Kämpf & Chapman 2016).
The south of Madagascar is renowned as a hot spot of marine biological production due to
the presence of coastal upwelling (Bemiasa 2009). Several new biological species collected in
the region were recently uncovered and recorded in global taxonomy accounts (Manghisi et al.
2015, Houart & Héros 2015, Boo et al. 2016). Records have also shown that the waters south
of Madagascar have the highest numbers of fish stocks in the island (Pripp et al. 2014, Paubert
et al. 2015, Breuil & Grima 2014).
Despite such productivity, historical records reveal that the south of Madagascar has expe-
rienced severe episodic famines due to cyclic low precipitation that result in drought conditions
within the region (Randriamahefasoa 2013). The occurrence of the famine has been largely
attributed to local and/or regional ocean-atmosphere oscillation cycles (Allison et al. 2009).
The cyclic drought has had severe social and economic consequences on the livelihoods of local
fishermen living in the southern Madagascar region (Allison et al. 2009, Le Manach et al. 2012).
Cold upwelled water appears to decrease evaporation and moisture flux leading to less rainfall,
in a process similar to that observed in the Somali coastal upwelling region, east of Africa (Sousa
et al. 2016). Several climate factors are responsible for drought event south of Madagascar, but
the air-sea interaction involving the upwelling is believed to be one precursor catalysing dry
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weather conditions (Paubert et al. 2015).
A good knowledge of the ocean circulation and variability south of Madagascar is important
for a better understanding of the regional and global circulation (Nauw et al. 2008, Srokosz et al.
2015). The oceans south of Madagascar are a major source of water for the Agulhas Current
(de Ruijter et al. 2004, ?). Oceanic variability south of Madagascar regulates the retroflection
of the EMC and can drive changes in the Agulhas Current (Lutjeharms 1988, Quartly et al.
2006).
Therefore, coastal upwelling South of Madagascar is believed to have a direct and/or indirect
impacts on the biology, meteorology and ocean circulation at both local and regional scales.
Based on the above mentioned socio-economic and scientific aspects, there is a crucial need to
understand the variability of the coastal upwelling south of Madagascar.
1.1 Motivations for the study
The present study seeks to improve our understanding of the variability and drivers of the
coastal upwelling south of Madagascar.
Coastal upwelling is a physical process of ocean dynamics which causes the ascension of
nutrient-rich water towards the surface, where they become available for phytoplankton growth
(Barber & Smith 1981, Kämpf & Chapman 2016). Phytoplankton is a microscopic photosyn-
thetic algae which is considered the first producer within the marine ecosystem. Phytoplankton
is a primary food source for zooplankton, and together, both phytoplankton and zooplankton
serve as food sources for higher-level predators in the marine food chain. Consequently, there is
significant correlation between various coastal upwelling events and ocean productivity, as well
as marine biomass (Demarq & Faure 2000, Figueiras et al. 2002, Chavez & Messié 2009, Hood
et al. 2017). The high productivity of marine life observed in the region south of Madagascar
is attributed to coastal upwelling.
The southern Madagascan region still remains one of the most under-developed parts of the
country. The south of the island is marginalized in terms of its capacity to develop agriculture,
farming and other relevant livelihood support activities. Marine resources therefore provide
substantial support to maintain the coastal livelihoods of marginalized people. Coastal up-
welling regions south of Madagascar have a strong social and economic value as they support
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rural livelihood and the local fishery industry (Allison et al. 2009, Bemiasa 2009). The socio-
economic value derived from coastal upwelling provides further motivation for the investigation
of the spatial and temporal characteristics of the coastal upwelling south of Madagascar (Davies
et al. 2009, Bemiasa 2009).
In a regional context, the variability of the ocean circulation south of Madagascar is a major
source of variability for the Agulhas Current (Nauw et al. 2008, ?). The East Madagascar
Current (EMC), one of the main contributors to the Agulhas Current (?), carries an important
part of the water circulating south of Madagascar (Lutjeharms et al. 2000, Ponsoni et al.
2016). The upwelled waters are among of those water masses (DiMarco et al. 2000, de Ruijter
et al. 2004). At the southern extension of the EMC, dipole mesoscale eddies (cyclonic and
anticylonic) form and propagate westward towards the Agulhas Current system (de Ruijter
et al. 2004, Ridderinkhof et al. 2013). The upwelled waters could influence the generation
of eddies, but occurrences and variabilities associated with upwelled water are still not well
understood (Quartly et al. 2006, Ridderinkhof et al. 2013).
At the southern extension of the EMC, part of the flow incoming from the EMC veers eastward
towards the Madagascar basin (Longhurst 2001). Literature also suggests that this eastward
flow is thought to favour the formation of the phytoplankton bloom in the open ocean because
it carries the water upwelled from the South Madagascar coastal regions (Longhurst 2001, ?,
Srokosz et al. 2015).
Based on this general context, upwelled water plays an important role in contributing to the
ocean circulation in the region, and is a key component for marine productivity at the coast,
as well as in the open ocean. Investigating the variability and drivers of the upwelling south of
Madagascar should improve our knowledge on the marine production and the variability of the
ocean circulation south of Madagascar.
1.2 Objectives, approaches and structure
This study provides a holistic understanding of coastal upwelling processes south of Madagascar
by addressing the following questions:
1. What is the spatial extent of the coastal upwelling and how does it change in
time?
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Previous studies (DiMarco et al. 2000, Machu et al. 2002) have attempted to define the re-
gional extent of the coastal upwelling regions but no study has ever investigated temporal
changes and the spatial distribution of upwelled waters. In this thesis, satellite observa-
tions are used to clearly identify upwelling cells occurring along the southern Madagascan
shores and to show how the geographical extent of upwelling cells changes over time.
2. How does coastal upwelling south of Madagascar change seasonally?
While a few studies have investigated the temporal variability of the coastal upwelling
south of Madagascar (Machu et al. 2002, Ho et al. 2004), none of them addressed the issue
of seasonal variability. Upwelling indices derived from satellite observations of SST and
winds are used to characterise the seasonality of the coastal upwelling south of Madagas-
car. The biological response to the upwelling variability is investigated using estimates of
Chlorophyll-a concentration from satellite.
3. What are the drivers of coastal upwelling ?
Based on previous work (DiMarco et al. 2000, Machu et al. 2002), the mechanisms pro-
moting upwelling remain unclear. The multiple forcings generating the upwelling are
clarified in the present study using multi-sensors satellite observations, in-situ data anal-
yses, realistic model simulations and idealised model experiments.
4. What is the link between the Mozambique channel water and the upwelling
south of Madagascar?
The link between the Mozambique Channel water and the upwelling has never been
explored before. Satellite observations, in-situ data, ocean model outputs and Lagrangian
simulations are used to address this link.
5. What regulates the inter-annual variability of upwelling cells?
Here we investigate how the upwelling intensity varies at inter-annual time-scales taking
into account both local and remote forcing processes. Satellite observation, model output
and climate mode oscillation indexes have been used to characterise long-term variations
of the upwelling.
The thesis is organized as follows: Chapter 2 provides a literature review of coastal upwelling
processes in both a regional and global context; Chapter 3 provides a detailed account of the data
and methods used; Chapter 4 responds to the first three research questions related to the spatial
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and seasonal variability of the south Madagascar coastal upwelling; Chapter 5 concentrates on
drivers of the upwelling; Chapter 6 focuses on coastal upwelling inter-annual variability. Lastly,
Chapter 7 concludes and summarises the main findings of this study.
Chapter 2
Literature review
This chapter provides a synopsis of key bodies of literature relevant to upwelling systems at the
global scale, as well as within the regional context of Madagascar. The literature review seeks
to highlight linkages between ocean currents, upwelling events and ocean productivity in the
coastal regions south of Madagascar.
2.1 Upwelling south of Madagascar in a global context
Coastal upwelling is an upward motion of deep water occurring along the coast which is a
result of atmospheric and/or oceanic forcing. As the water reaches the surface of the ocean,
it is usually cold and rich in nutrients. Due to this oceanographic occurrence, upwelling tends
to promote biological growth within different layers of the marine food chain, which promotes
phytoplankton blooms.
Coastal upwellings are usually characterised by the following properties: colder surface water,
high biological productivity, low sea level height and intense alongshore winds (Bakun 1975,
Demarq & Faure 2000, Veitch 2009). These characteristics tend to be utilized in quantifying
and distinguishing between different types of coastal upwelling.
A wind-driven upwelling is a coastal upwelling induced by an alongshore wind (Vazquez-Cuervo
et al. 2013). This process is characterised by alongshore winds, generating an offshore Ek-
man transport, and reducing sea water levels as the surface water mass is displaced (Bakun
1975). Thereafter, surface water becomes colder than the surrounding water, and phytoplank-
ton blooms are promoted.
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Coastal upwelling can be also induced by ocean currents. The interaction of a current with the
topography can generate an uplift of water from the deep ocean to the surface. This also results
in cold water and high phytoplankton concentration at the surface layer (Schaeffer et al. 2013).
Surface water signatures, based on temperature, chlorophyll concentration, sea level height and
wind intensity, are used to identify the incidence of coastal upwelling.
Globally, various types of coastal upwelling have been categorized based on their locations,
as well as based on the main forces driving the upwelling.
Figure 2.1 depicts the major coastal upwelling regions around the world (Kämpf & Chapman
2016). The upwelling ecosystems identified in the map are classified as wind-driven (including
continuous and seasonal) and the “others”, which are not primarily driven by winds.
The major upwelling regions are the Eastern Boundary Upwelling (EBU) regions along
the shores of Peru, Chile, west Africa, Portugal and California. These upwelling systems are
adjacent to regions characterised by the high pressure associated with wind gyre patterns and
are continuously forced by alongshore winds (Chavez & Messié 2009, Kämpf & Chapman 2016).
EBU regions are renowned for their biological productivities over large areas of the ocean along
the coast.
Southeastern Australia, Brazil, eastern Africa and northern Arabian seas belong to the
Western Boundary Upwelling (WBU) regions. These upwelling systems are also forced by
seasonal winds and/or dynamically driven through the interaction between western boundary
currents and the continental shelf topography. Western boundary currents contribute to coastal
upwelling in many regions of the world, thus considerably enhancing global ocean productivity
(Kämpf & Chapman 2016).
Among the upwelling regions listed above, the south Madagascar coastal upwelling system
is one of the smallest in size, and could be classified according to any of the existing standard
categories due to its location, which is in between the EMC and the Mozambique Channel.
This particular upwelling system is included in the category ”Other” (Figure 2.1), which means
that the mechanism of the upwelling system is still not well documented.
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Figure 2.1: Location of the major upwelling regions categorized by forcing mechanisms, taken from
Kämpf & Chapman (2016) (see page 47 ).
2.2 Regional context
The current section provides a review of the regional oceanographic process that could remotely
or directly interact with the upwelling south of Madagascar.
2.2.1 South Equatorial Current (SEC) and Madagascar
The South Equatorial Current (SEC) flows east-to-west in the South Indian Ocean (SIO) be-
tween 10◦S and 20◦S. The South Equatorial Current is driven by the southeasterly trade winds
(Nauw et al. 2008, Hood et al. 2017).
In the south-west Indian Ocean, the South Equatorial Current is known to bifurcate into two
branches off the east coast of Madagascar. The northward branch becomes the North Madagas-
car Current (NMC) and the southward branch becomes the EMC (Lutjeharms 1976, Swallow
et al. 1988). However, the precise position of the SEC bifurcation is still not clearly defined
due to a lack of observational data in the upstream East of Madagascar Current region. In the
past, the South Equatorial Current bifurcation off Madagascar was said to occur around 17◦S
at the surface (Swallow et al. 1988) and around 20◦S around 800-900 m depth (Chapman et al.
2003). The southward shift of the South Equatorial Current bifurcation integrated in certain
depth described by Chen et al. (2014) is consistent with the maps of steric height presented
by Ridgway & Dunn (2007) (in their Figure 2 ) and can explain the apparent inconsistency
between results, from previous works, and the position of the separation obtained at depth
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suggested by Chapman et al. (2003).
In his book, Lutjeharms (2006) states that the South Equatorial Current separation along the
Madagascar coastline occurs further north, at a latitude of about 15◦S. More recently, Chen
et al. (2014) report a South Equatorial Current bifurcation latitude shifting from 17.5◦S at the
surface to 19◦S at 400 m depth. Chen et al. (2014) also show a discrepancy in the location of
the South Equatorial Current bifurcation of 1.2◦ between the mean circulation depicted from
the World Ocean Database 2009 data sets and that derived using 19-years of altimetry. The
estimation-based on altimetry positioned the South Equatorial Current bifurcation at 16.9◦S.
The impact that variations in the South Equatorial Current bifurcation have on the EMC and
on the coastal upwelling regions south of Madagascar remains unknown.
2.2.2 East Madagascar Current (EMC)
The South Equatorial Current bifurcates in two directions after hitting the east coast of Mada-
gascar. The poleward branch, which flows alongshore until the southern tip, is the EMC
(Swallow et al. 1988). The EMC is a poleward warm western boundary current. The estimated
mean volume transport is 18.3 Sv (Ponsoni et al. 2016). The EMC is regulated by the common
characteristics of western boundary currents described by Stommel (1948), who explained that
they are driven by zonal integrated wind-stress curl over the width of the subtropical region.
Historically, the EMC was documented for the first time by Lutjeharms et al. (1981). In that
study, drifter trajectories and Expendable Bathythermograph (XBT) sections were combined to
characterize the EMC behaviour. Lutjeharms et al. (1981) estimate an EMC volume transport
of 41 Sv based on in-situ observations. Lutjeharms (1988) introduces evidence of the EMC
as a miniature western boundary current, which contributes to Agulhas Current, by using an
infrared remote sensing approach. He also questions the consistency of the EMC retroflections.
In the vicinity of 25◦S, the EMC was noticed to retroflect toward the Indian Ocean during an
investigation study undertaken by Quartly et al. (2006). They used Sea Surface Height (SSH)
signals from altimetry and outputs from a numerical model, OCCAM, to characterise the EMC
retroflection.
Two recent consecutive works from Ponsoni et al. (2015, 2016) have shed a new light on the
dynamics of the EMC. Ponsoni et al. (2015) investigated long-term observation of the EMC
using combination of Acoustic Doppler Current Profiler (ADCP) and Rotor Current Meter
(RMC) mooring array measurements placed at the east coast of Madagascar during 2.5 years of
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record. Ponsoni et al. (2015) found the presence of the East Madagascar Undercurrent (EMUC)
whose core is located at 1260 m depth and at 26 km offshore. They noted that the EMUC has
a bi-monthly and semi-annual periodicity.
Ponsoni et al. (2016) combined the long-term observation of ADCP data sets, used in Ponsoni
et al. (2015), with satellite observation to derive volume transport and characterise the inter-
annual variability of the EMC. Their findings showed that the mean volume transport of the
EMC is 18.3 Sv and maximum can reach 50 Sv. They also showed that part of the EMC
variability is influenced by the arrival of westward-propagating mesoscale eddies (cyclonic and
anticyclonic) from the Indian ocean.
Lutjeharms & Machu (2000), DiMarco et al. (2000) and Ho et al. (2004) suggest that the
EMC is an important component that influences the coastal upwelling south of Madagascar.
Reviews related with the interaction of EMC and the upwelling will be more developed in
Section 2.3.
2.2.2.1 EMC retroflexion concept
Introduced by Lutjeharms et al. (1981), the East Madagascar Current (EMC) is portrayed as
having a western boundary current characteristics and perceived to retroflect, based on series of
Expendable Bathythermograph (XBT) measurements during oceanographic cruise at the east
coast of Madagascar used in the study.
Later on, Lutjeharms (1988) had confirmed that the EMC does indeed retroflect. He demon-
strated the EMC retroflexion by using SST satellite imagery.
The concept of the EMC retroflexion was re-considered by Quartly et al. (2006). Using a var-
ious type of satellite data sets and OCCAM numerical model, the ocean colour and infra-red
imagery proved the evidence of an EMC Retroflexion. The sequences of satellite images were
consistent with the model output which also revealed that the intermittency of anticyclonic
eddies moving westward may explain the source of retroflexion features of the EMC.
Using the similar approaches in Quartly et al. (2006), Siedler et al. (2009) mentioned that the
southern branch of the East Madagascar Current (SEMC) separates in two directions at the
south of Madagascar. The first branch flows toward the Agulhas Current system, while the
second branch retroflects toward the Subtropical Indian Ocean Countercurrent (SICC). They
used data sets from satellite observations and a nested high resolution model to demonstrate
the evidence of the EMC retroflexion. They found a good agreement of this separation between
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the patterns of SEMC shown in observational data and in the nested model. However, there is
no literature which mentioned the seasonal or inter-annual occurrence of the EMC retroflexion,
except de Ruijter et al. (2004) who pointed out the possible link between the upwelled water
variability and the occurrence of the EMC retroflexion during investigation of pathways and
generation of the cyclonic eddies study at the south-east of Madagascar.
2.2.3 Dipole of mesoscale eddies at the south of Madagascar
After the separation of the EMC at the south-east coast of Madagascar, dipoles of mesoscale
eddies, cyclonic and anticyclonic, are formed at the south of the island and propagate toward
the African coast. The cyclonic eddies originate mostly from the southern tip of the Madagas-
can coast, while the anti-cyclonic eddies generally form further in the region south-west of the
island (de Ruijter et al. 2004, Siedler et al. 2009, Ridderinkhof et al. 2013). Halo et al. (2014)
revealed that the seasonal eddy formation is influenced by the variability of the SEMC flux
which is the southern extension of EMC. Halo et al. (2014) also provide important information
on the hydrographic properties of the cyclonic eddies, which have different characteristics de-
pending on the location of their formation, between south-west and south-east. The occurence
of mesoscale eddy dipoles south of Madagascar exhibits an inter-annual variability. This inter-
annual variability is influenced by the El Niño-Southern Oscillation (ENSO) (Ridderinkhof
et al. 2013). The variability of eddies contributes significantly to the large-scale circulation
(Halo et al. 2014), such as to the variability of the retroflection of the Agulhas Current (AC)
(Ridderinkhof et al. 2013).
2.2.4 Phytoplankton bloom south-east of Madagascar
Away from the coast, the phytoplankton bloom south of Madagascar is a large and irregular oc-
currence of phytoplankton growth in the Madagascar basin. It is one of the largest open-ocean
chlorophyll bloom, equivalent to one percent of the global ocean surface (?). Still much remains
uncertain about the drivers and the variability of this open-ocean phytoplankton bloom. How-
ever, the coastal upwelling south of Madagascar is suggested as a hypothesis enabling the bloom
(?). Longhurst (2001) was the first to investigate the incidence of the bloom. Longhurst (2001)
found that the bloom was intense at the beginning of each year, except in 1998. Thereafter, Uz
(2007) revisited the south-east Indian Ocean bloom described by Longhurst (2001). Compared
to other works which described the bloom, Uz (2007) distinctly mentioned that the bloom is
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not caused by the enrichment coming from the bottom of the ocean. He also could not find a
plausible correlation between the intensity of the bloom with any physical parameters. An al-
ternative hypothesis by Uz (2007) suggests periodical cyclonic activity, causing a landfall rich in
mineral, transporting iron from island towards the South Indian Ocean Countercurrent (SICC),
which coincide with the incidence of bloom. Uz (2007) also did not mention if the upwelling
could impact fertilization processes. Additional information about the bloom of phytoplankton
will be provided in the next subsection to highlight the importance of the upwelled water for
the regional circulation.
2.3 Coastal upwelling south of Madagascar
Figure 2.2 provides a historical review of upwelling events, based on published works which
have mentioned the ”upwelling South of Madagascar”. The timeline shows the number and the
evolution of past published work.
The 5 publications in blue in Figure 2.2 were the first to provide insights into the physical drivers
of the coastal upwelling south of Madagascar and of its variability. The two publications shown
in the green colour linked the biological productivity to the upwelling system, based on fisheries
surveys. The remaining publications address the broader implications of the upwelling at local
and regional scales.
The timeline will be used as a frame for the literature survey by categorising those published
works in each domain enumerated above.
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Figure 2.2: Timeline summarising existing work on the upwelling south of Madagascar. The blue
colour distinguishes works which primarily emphasize the upwelling south of Madagascar, its variabil-
ity and mechanisms. The green colour depicts some works which focuses on upwelling and fisheries
coupling. The grey colour represents works which mentions the contribution of the Madagascan coastal
upwelling to the regional circulation.
2.3.1 What forces the coastal upwelling South of Madagascar and its
variability ?
The literature (Lutjeharms & Machu 2000, DiMarco et al. 2000) on the history of upwelling
south of Madagascar is relatively recent and limited. The earliest research on the topic was only
conducted in 2000. Moreover, in the past two decades, several advanced observation systems had
just arrived in ocean sciences. The study of the upwelling became possible due to the improved
resolution of satellite remote sensing (wind, SST, chlorophyll, sea level), the development of
ocean models, and initiatives to explore the Indian Ocean through oceanographic expeditions.
Therefore, the ability of scientists to observe the region south of Madagascar has significantly
increased over the last two decades with both improved and more frequent satellite observations.
Based on the timeline, the following section chronologically presents studies (coloured in
blue on Figure 2.2) that described the coastal upwelling and its associated mechanisms.
Lutjeharms & Machu (2000) were among the first to investigate coastal upwelling South of
Madagascar and revealed the presence of an upwelling cell inshore of the EMC. The paper ex-
ploited Sea Surface Temperature (SST) and Ocean Colour satellite observations to characterize
the surface water signature associated with the upwelling, such as colder water and increased
chlorophyll concentration. Lutjeharms & Machu (2000) found that the implied upwelling cell is
more apparent in Ocean Colour than in the SST. Coastal upwelling inshore of the EMC seems
to be prevalent under all wind conditions. Lutjeharms & Machu (2000) also suggested that the
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upwelling cell is probably not wind-driven and that an intense upwelling is linked to a strong
western boundary current, the EMC, over the abrupt topography irregularities. However, sam-
ples of satellite observations were not consistent enough to derive significant conclusions about
drivers of the upwelling system.
Later in that year, DiMarco et al. (2000) used two years of SST imagery (July 1998 through
April 2000) to study the coastal upwelling south of Madagascar. They showed a sequence of
upwelling incidences marked by cold water on the coast. DiMarco et al. (2000) reported that the
cooler temperature appears to be important in mid-February with the strength of alongshore
wind-stress and it reduces in mid March. They also noted that upwelling was present during the
period of 1999, but with a much smaller temperature change. DiMarco et al. (2000) concluded
that the coastal upwelling was caused by a combination of upwelling-favorable wind-stress and
frictional interaction between a western boundary current (EMC) and the adjacent continental
shelf. They also highlighted limitations due to the lack of wind-stress data to examine the
relative strength between those two forcing mechanisms.
A hydrographic investigation was undertaken for the first time in the upwelling region,
south-east of Madagascar, during the Agulhas Current Sources EXperiment (ACSEX-2) oceano-
graphic cruise (Machu et al. 2002). Machu et al. (2002) revealed important results from this
hydrographic campaign. Through several hydrographic sections in the upwelling region, they
showed uplifted isotherms toward the surface: an indication that upwelling is occuring. In
the same locations, Chlorophyll-a concentrations, from in-situ measurements, are also higher.
Adding to the hydrographical investigation, remote sensing monitoring was simultaneously un-
dertaken. Machu et al. (2002) confirmed the presence of a high Chlorophyll concentration
observed in the satellite ocean colour product. From the combination of satellite imagery and
in-situ observation, Machu et al. (2002) came up with a hypothesis that the change in the
bathymetry and the steep slope at the south-east of Madagascar seems to favour the generation
of a cyclonic eddy between the coast and the EMC core. Wind Ekman transport due to the
wind stress mentioned by DiMarco et al. (2000) may interact with the cyclonic eddy to enhance
the intensity of the upwelling.
Ho et al. (2004) brought a new understanding on the variability of the upwelling south of
Madagascar and the role of the EMC in driving this upwelling. Ho et al. (2004) investigated
the spatial and temporal variability of the upwelling using monthly SeaWiFS images during the
period of September 1997 to November 2001. Ho et al. (2004) used an Empirical Orthogonal
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Function (EOF) analysis to show that the upwelling is more intense in austral winter of each
year except 1999 and in austral summer of each year except 2001. They were also the first who
pointed out that the mechanisms generating upwelling may be difficult to define because of the
multiple forcing interactions inducing upwelling which are still not well understood. Ho et al.
(2004) thus suggested that the position and variability of the EMC interacted significantly with
the incidence of the upwelling. They suggested that the mechanism of the interaction can be
explained by a ”shear wave propagation” theory.
Raj et al. (2010) characterized the intra-annual and inter-annual variability of Chlorophyll-a
concentration in the South-western Indian Ocean and attempted to explain the causes of these
variabilities.
During this work, Raj et al. (2010) included the upwelling south of Madagascar to be one of the
sources which promoted high Chlorophyll-a concentration in the South-western Indian Ocean.
Raj et al. (2010) revealed the evidence of coastal upwelling through the analysis of WOCE XBT
sections collected in 1994 and 1995. The XBT vertical sections of temperature in the upper
800 m showed an uplift of the isotherm near 45◦E. Results showed that the upwelling was
pronounced during March 1995. They also found that the Mixed Layer Depth (MLD) inside
the upwelling region exhibited a seasonal cycle which was shallower during the austral summer
and deeper in austral winter based on a profile-based MLD climatology (de Boyer Montégut
et al. 2004). Raj et al. (2010) highlighted that the changes in the upwelling along the south of
Madagascar shores influenced the phytoplankton bloom in the South West Indian Ocean on the
intra-annual and inter-annual time-scales. Raj et al. (2010) concluded that the major source of
the nutrient-rich water generating the bloom originated from the upwelled coastal waters.
While upwelling was not the main focus of Raj et al. (2010) work, their study provided significant
insights into the seasonal and inter-annual variability of chlorophyll concentration and MLD in
the upwelling region.
Works cited above were not able to fully describe the variability of the coastal upwelling
due to the scarcity of dataset available and high cloud contamination in the region, reducing
coverage by satellite observations. Wind dataset used could not represent well dominant winds
in the region and in-situ datasets were limited. No clear explanation was provided for the
impact of the EMC on the upwelling. The alongshore wind is also not defined clearly as the
main driver. On top of that, the pattern of upwelling variability seems to evoke the presence
of a different spatial pattern for the upwelling cell.
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2.3.2 Biological response to upwelling event
The two publications coloured in green shown in the timeline (Figure 2.2) investigated the link
between the upwelling and fishery productions.
Bemiasa (2009) and Pripp et al. (2014) confirmed the high biological productivity south of
Madagascar. Both suggest that biological richness in the region is due to the upwelling. Bemi-
asa (2009) undertook a study to understand the variability of anchovy, sardines and octopus
production south-west of Madagascar and relate it to environmental parameters such as SST
and Chlorophyll concentration. The study applied a statistical model based on Effort Per Units
(EPU) of artisanal and industrial catches to estimate the species stock. Bemiasa (2009) also
discussed the seasonal variability of the biological productivity, based on the catches surveys,
which can be explained by the influence of the fertilization generated by the upwelling at the
south of the island. The result revealed that the production peak of anchovy, sardines and
octopus occurred during the upwelling favorable season. Bemiasa (2009) has also evoked a
connexion between the upwelling cell and the south west coast of Madagascar. Bemiasa (2009)
argued that enrichment found south west of Madagascar can be attributed to the upwelling at
the southern tip.
Estimates of biomass from acoustics fishing survey instrument and trawl catches during a
survey in September 2009 along the west coast of Madagascar showed high fish biomass (Pripp
et al. 2014). The total acoustic survey for Clupeoids, Carangids and associated pelagic species
on the southern shelf was approximately 16 000 tonnes of the pelagic fishes representing 90 %
of the total. Pelagic and demersal trawl catches throughout the survey confirmed the estimates
derived from the acoustics survey result. Based on the total catches during the survey, highest
catches were observed at the southern tip. The pelagic average catch for the southern region
was about 980 kg/hour. The highest catches of bottom trawl were obtained on the continental
shelf where the mean of catch per unit reached 397 kg/hour. The number of catches highlighted
by Pripp et al. (2014) demonstrated the evidence of high biological productivity associated with
the upwelling zone.
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2.3.3 Linkages between coastal upwelling and regional ocean circula-
tion
The current subsection provides a holistic understanding of physical and biological impacts of
the upwelling on the regional ocean circulation, based on works coloured in grey in the timeline.
The formation of the phytoplankton bloom in the Madagascar basin was suggested to be
linked with the upwelled water south of Madagascar. We note that several works have inves-
tigated of the phytoplankton bloom characteristics but we focus on the possible link between
the upwelled water variability and the bloom occurrences.
Longhurst (2001) was among the first to mention a possible link between upwelling system
and the bloom of chlorophyll in the Madagascar basin. Longhurst (2001) explained that the
EMC could generate a mesoscale anticyclonic eddy by flowing inshore. This eddy is a precursor
of the EMC flow retroflection described that induces upwelled water displacement toward the
Madagascar basin. Siedler et al. (2009) reinforced the hypothesis about the connection between
the EMC and the Indian Ocean. They mentioned that approximately 50 % of the EMC volume
transport contributed to the Agulhas current, while 40 % retroflected toward the Indian Ocean
during an investigation of the South East of Madagascar Current (SEMC) retroflection char-
acteristics. During the same study, Siedler et al. (2009) used satellite ocean colour images to
illustrate the south-westward and south-eastward propagation of high chlorophyll concentration
pattern due to the presence of the upwelling.
In a particle tracer experiment, Huhn et al. (2012) also showed that particles moved eastward
from the southern tip of Madagascar toward the Madagascar basin.
Consecutive works by ?Srokosz et al. (2015), which are focused on the variability and mecha-
nism of the phytoplankton bloom, pointed out the contribution of upwelled water to promote
the phytoplankton bloom occurring at the south-east of Madagascar. ? found that the com-
bined contribution of deep chlorophyll ascension induced by mesoscale eddies and upwelled
water could be the mechanism promoting the phytoplankton bloom. They also confirmed that
the inter-annual variability of the bloom is linked with the inter-annual variations in the coastal
upwelling as the main iron supplier.
From the numerical experiment, Srokosz et al. (2015) validated the hypothesis that the flour-
ishing bloom was due to iron advection from Madagascar sediment, transported by mesoscale
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eddies to the south-east. However, they admitted that it was difficult to isolate quantitatively
iron from sediment at the coast and from river run-off from more inland.
Results in these works supported the information that upwelled water at the south of Mada-
gascar could be the source of the nutrient-rich water propagating toward the South Indian
Ocean promoting the open-ocean phytoplankton blooms in the Madagascar bassin, as reported
by Longhurst (2001) and Quartly & Srokosz (2004a).
The generation of mesoscale eddies (cyclonic and anticylonic) south of Madagascar has been
suggested to be linked with the upwelled water south of Madagascar.
Quartly & Srokosz (2004a) investigated mesoscale variability south-east of the Mozambique
Channel. They used SeaWiFS chlorophyll concentration to observe the patterns of the eddies.
Quartly & Srokosz (2004a) argued that cyclonic eddies south-east of Mozambique occurred
intermittently, appeared to pre-form in the lee of the southern tip of Madagascar, and induced
high-productivity coastal waters. The formed cyclonic eddy propagated westward toward the
African coast. Indeed, upwelling south of Madagascar should play a role for the formation
of cyclonic eddies. However, Quartly & Srokosz (2004a) also recognized that it is difficult to
identify the chlorophyll signature propagations from upwelling or/and cyclonic eddies during a
change in the wind and the EMC, and that further work on this topic is required.
de Ruijter et al. (2004) combined observations from satellite altimetry and in-situ hydrographic
and ADCP measurements collected during the ACSEX cruise to characterize the mesoscale eddy
field south of Madagascar. Findings revealed that the formation of dipoles south of Madagascar
could be attributed to the separation of the EMC from the continental shelf at the southern tip
of Madagascar. The dipoles are generated at irregular intervals and then they propagate west-
ward toward the African coastline. de Ruijter et al. (2004) found that cyclonic eddies formed
at the inshore edge of the EMC while anticyclonic eddies seemed to form before cyclonic ed-
dies and originate directly from the EMC flow. Irregularities and inter-annual variability were
influenced by the SEC bifurcation, the strength of the EMC and the links with large-scale cli-
mate variability (El-Niño Southern Oscillation/Indian Ocean Dipole cycles). Interestingly, this
work revealed that cyclonic eddies were formed along the continental slope where upwelling cell
occurs. de Ruijter et al. (2004) raised the assumption that increase in cyclonic eddies vorticity
coincided with an intense upwelling event such as in February/March 2000 mentioned by Di-
Marco et al. (2000).
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Jose et al. (2016) removed the non-linear term of momentum advection in the Navier-Stocks
equation, in a coupled physical-biogeochemical simulation. The objective of the study was
to understand the inertial processes on the dynamic of mesoscale eddies upon the biological
production in the Mozambique channel. One of their findings mentioned that the decrease of
chlorophyll concentration south-west of Madagascar may be due to the dissipation of chloro-
phyll exerted by the mesoscale eddies. Another main finding of this paper mentioned that the
momentum advection of the current provoked the detachment of the EMC along the coast. This
information is very important to understand the characteristics of the EMC and its influence on
the chlorophyll concentration at south of Madagascar. As mentioned by Lutjeharms & Machu
(2000), DiMarco et al. (2000), Ho et al. (2004), advection of the EMC is highly associated
with the coastal upwelling incidence. Related to that, the EMC detachment along the coast
should be the precursor of the chlorophyll concentration to the south of Madagascar through
the upwelling and the south-east Madagascar phytoplankton bloom explained above.
Works described above mentioned the important links between mesoscale eddies dipole
formation and coastal upwelling south of Madagascar as well as connections between the coastal
upwelling regions and the development of open-ocean phytoplankton blooms in the Madagascar
basin. These works suggested the importance of investigating the variability of the upwelling
which can influence the variability of general circulation in the region.
2.3.4 Linkage between south of Madagascar waters and the large-scale
Indian Ocean variability
The Indian Ocean is affected by important climatic variations (Wilkinson et al. 1999, Hoerling
et al. 2004). Inter-annual variability of Indian Ocean is thought to be dominated by the Indian
Ocean Dipole (IOD) (Marchant et al. 2007) and by the El-Niño Southern Oscillation (ENSO)
variability mode (Ashok et al. 2001, Ashok, Guan, Saji & Yamagata 2004, Kug et al. 2006),
which may occur in conjunction with or independently from Indian Ocean Dipole variability.
Both Indian Ocean Dipole and El-Niño Southern Oscillation do not fully explain all the inter-
annual variabilities influencing the Indian Ocean climate (Reason & Mulenga 1999, Behera &
Yamagata 2001). Behera & Yamagata (2001) and Morioka et al. (2013) suggested the presence
of a tropical dipole event discovered recently in the Indian Ocean, which also influences strongly
the tropical level of the Indian Ocean: the Subtropical Indian Ocean Dipole (SIOD). Subtropical
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Indian Ocean Dipole is the occurrence of SST anomaly in two regions of positive and negative
SST anomalies around the tropics. Positive phases of Subtropical Indian Ocean Dipole tend to
have cold SST anomalies off Australia region and warm SST anomalies south of Madagascar
region, and vice-versa for the opposite phase (Behera & Yamagata 2001).
These climate oscillations are associated with strong air-sea interactions and drive change in
wind regimes, precipitation rate and ocean dynamics in the Indian Ocean (Kumar et al. 1999,
Reason & Mulenga 1999, Saji et al. 1999, Pfeiffer & Dullo 2006). The air-sea interaction driven
variability in the Indian Ocean may impact on the inter-annual variability of the south-west
Indian Ocean circulation (De Ruijter et al. 2005, Palastanga et al. 2006, 2007) where the coastal
upwelling south of Madagascar is located.
Limited works have investigated the impact of the climate oscillation influencing the coastal
upwelling. Little is known about the tele-connection between the large scale Indian Ocean
circulation and south of Madagascar at inter-annually time scale. Characterising the inter-
annual variability of the ocean circulation and the dominant winds at the south of Madagascar,
including their respective forcings, should explain the inter-annual variability of the coastal
upwelling.
2.4 Similar coastal upwelling in other regions
Few upwelling systems are comparable to the south Madagascar upwelling system. Several
upwelling systems share common characteristics, but the upwelling east of Australia is the one
that best resemble the upwelling south of Madagascar.
The upwelling off the east of Australia appears to be primarily driven by the interaction
between the East Australian Current (EAC) and the continental shelf (Schaeffer et al. 2013).
Roughan & Middleton (2002) identified four origins of nutrient enrichment mechanism of east
Australian upwelling system. Roughan & Middleton (2002) explained that the first three main
drivers of the nutrient supply system are highly related with the East Australian Current
advection. They demonstrated that the highest nutrient concentration is attributed to the
“encroachment” for the East Australlian Current onto the shelf. The widespread nutrient
distribution is driven by the detachment of East Australian Current from the coast. And a
simple increase of East Australlian Current advection also generates nutrient enrichment by
itself. The wind-driven upwelling also contributes significantly to the east Australian upwelling
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system. Roughan & Middleton (2002) also raised an interesting interaction and combination
between these various mechanisms. They observed that the effect of topographically induced
upwelling is combined with the encroachment East Australian Current early in summer. Ad-
ditionally, the EAC separation from the coast allows a pre-conditioning effect to surface water
layers for a favourable wind-driven upwelling.
The coastal upwelling south of Madagascar seems to be induced predominantly by the EMC.
This is comparable to the topographically-induced upwelling observed for the east Australian
upwelling. This does not exclude the role of a wind-driven upwelling. The wind can play a role
as a conditioner to favour the effect of the current in driving the upwelling.
Chapter 3
Data, Models and Lagrangian
simulation
3.1 Satellite products description
A range of selected satellite products from various sensors and platforms are selected for this
study. Comparisons between products are conducted to assess the satellite data set’s reliability
and limitations in the identification of upwelling occurrences.
3.1.1 Satellite Surface Temperature
Satellite observations of Sea Surface Temperature (SST) are most widely used to identify the
cold surface water signature associated with upwelling events (Benazzouz et al. 2014). In this
study, several SST products are used to characterise the spatial, seasonal and inter-annual
variability of the coastal upwelling.
The Moderate-Resolution Imaging Spectroradiometer (MODIS) level 2b SST is downloaded
from the NASA Ocean Color Nasa website and processed by the Marine Remote Sensing Unit
(MSRU, Cape Town, South Africa). Monthly composites of SST are derived from the 1 km
gridded L3 Aqua and TERRA MODIS daily maps. SST monthly averages are calculated by
taking into account the number of daily valid observations to construct each monthly composite.
Figure 3.1 summarises that MODIS TERRA satellite observation provide enough valid pixels
within the upwelling zone to be able to construct the SST seasonal cycle. Valid pixels recorded
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in the upwelling region are above 60 % for all months except for December and January which
are less than 30 %. This is due to the high evaporation occurring above the warm surface
current, East Madagascar Current (EMC), which generated massive atmospheric cloud cover
inhibiting satellite measurements.
MODIS SST is chosen because the infrared observations from the MODIS sensor demonstrated
a high level accuracy (Emery et al. 2001) and have been used in other upwelling investigation
(Dufois & Rouault 2012), however, are highly limited by atmospheric contamination (Guan &
Kawamura 2004).
To improve the coverage limited in MODIS SST, the Multi-Scale Ultra-High Resolution
(MUR) SST is also used in this study. The MUR SST is a gridded, blended, and gap-free
dataset developed by NASA-JPL. It is produced by merging data from MODIS, AMSR-E,
WINDSAT, and AVHRR SST products on a 0.011◦ grid. It combines the capacity of high-
resolution infrared waveband (1 km resolution) and the signal-crossing of the atmosphere by
microwaves waveband (25 km resolution) which are not impeded by clouds. MUR SST is
validated with surface observations which came from ship and buoy measurements (Vazquez-
Cuervo et al. 2013).
MUR SST data is provided with its ”SST Error” generated during the merging processes.
Errors are produced from each data product before and after the merging. The error before the
merging is due to the incomplete coverage primarily caused by clouds for infrared product and
errors obtained from successive geographical corrections caused by the swaths and orbits gaps.
The error after the merging is generated during the calculation of mean values in producing the
gap-free SST fields (Vazquez-Cuervo et al. 2013, Liu & Minnett 2016).
The more the value of the errors tends to become small, the reliability will be higher.
Figure 3.2 provides an annual cycle of the SST errors calculated in the upwelling zone. Figure
3.2 shows that less of 0.36◦C of SST error occurred in the upwelling zone while the EMC SST
error attained 0.39 ◦C during summer.
Vazquez-Cuervo et al. (2013) reveal that the MUR SST product is well suited to the study
of coastal upwelling processes. Adding to that, Gentemann et al. (2017) reveals the accuracy of
MUR SST in representing the anomaly of a marine heat wave occurring along northeast Pacific
coastal zone during the 2015 El Niño event. This confirms the ability of MUR SST to capture
variability near the coastal zone explained in that study.
Figure 3.3 is a scatter plot of pairs of independent variables, MUR SST and the MODIS
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level 2b SST, which reveals the level of linear relationship between the data sets.
A comparison between the MUR SST and the MODIS level 2b SST reveals that both mean
SST inside the upwelling region during period of 2003 to 2015 are strongly correlated with a
correlation factor of 0.992 significant at the 0.95 level (Figure 3.3). Figure 3.3 also shows that
SST datasets have similar medians and similar Probability Density Functions (PDF).
In order to describe inter-annual variability of SST in the upwelling zone, the multi-channel
Advanced Very High Resolution Radiometer (AVHRR) SST Pathfinder SST version PFV5.0
dataset (https://podaac.jpl.nasa.gov/AVHRR-Pathfinder), covering the period from 1981
to 2009 on a 4 km resolution grid is used. The Pathfinder SST data set is also compared with
the MUR SST (Appendix A.1), where agreement between products is demonstrated by a strong
linear relationship in the order of 0.995 for a significant correlation factor at 0.95 level (Figure
3.4). Similar comparison applied to above SSTs, Figure 3.4 also illustrates that MUR SST
and SST Pathfinder have similar value of medians and similar Probability Density Functions
(PDF).
The SST product comparisons are the primary process for generating a long time series
from MUR SST and extended by Pathfinder SST dataset to obtain a 36-years series of SST
data during the period from 1982 to 2017.
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Figure 3.1: Annual cycle of valid data recorded from MODIS TERRA satellite observation, in percent,
during the period 2003 to 2015. Black dotted lines are isobath 500 and 1000 m.
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Figure 3.2: Annual cycle of SST error from MUR SST product, during the period 2003 to 2015.
Black dotted lines are isobath 500 and 1000 m.
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Figure 3.3: Scatter plot illustrating the linear agreement between time series from Infrared radiometry
SST product (MODIS Terra) and Merge blended SST product (MUR) retrieved from the upwelling
south of Madagascar zone over the period 2003 to 2015. Plots in each lateral sides are the re-projected
Probability Density Function (PDF) from each time series. Red crosses positioned the value of medians
(first percentile) in each data distribution. Linear coefficient correlation (Pearson) qualifies the linear
relationship between data distributions. Kolmogorov-Smirnov coefficient represents distance between
the two Probability Density Functions. Strong coefficients represent that data repartitions follow similar
Probability Density Function.
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Figure 3.4: Scatter plot illustrating the linear agreement between time series from Merge blended
SST product (MUR) and AVHRR SST product retrieved from the upwelling south of Madagascar zone
during the period 2003 to 2013. Plots in each lateral sides are the re-projected Probability Density
Function (PDF) from each time series. Red crosses positioned the value of medians (first percentile) in
each data distribution. Linear coefficient correlation (Pearson) qualifies the linear relationship between
data distributions. Kolmogorov-Smirnov coefficient represents distance between the two Probability
Density Functions. Strong coefficients represent that data repartitions follow similar Probability Den-
sity Function.
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3.1.2 Ocean winds
The measurement of ocean wind is measured from space from the wind-roughness of sea surface
resulting from the interaction of the atmospheric motion relative to the surface of the ocean
(Wentz 1992). Satellites transmit the backscattered power received from the sea surface rough-
ness signature to calculate the surface wind using microwave radiometry (Shirtliffe 1999). The
common reference height for near-surface ocean wind measurements is situated at ten meter of
sea surface (Large & Pond 1981).
Ocean winds have been widely used to measure wind-driven upwelling intensity (Bakun 1975).
Accuracy in observations of both wind speed and direction are necessary to derive accurate up-
welling intensity induced by the wind (Bakun 1975, Large & Pond 1981). Selecting sea surface
product wind is an important step before characterising a wind-driven upwelling.
Direction of the wind needs adequately to be parallel with the coastline structure to promote
upwelling (Benazzouz et al. 2014). For that, products which sufficiently represent intensity and
direction of the wind on the coastal zone are required to represent the wind-driven upwelling.
At the South of Madagascar, the coastal topography structure is characterised by an important
bending at the southern tip. The direction of the coastline at south of Madagascar changes
between 45.5◦E and 46◦E. The coastline from 46◦E and 47◦E tends in North-East direction while
between 45.5◦E and 44◦E follows a North-West direction. Change in the coastline direction can
influence and impact on the effectiveness of the winds to drive upwelling. Therefore, it is
necessary to analyse wind inside zones before and after the bending. We define suitable wind
product for the study by comparing four wind data products: QuickSCAT, ASCAT, CCMP-
FLK and Era-Interim.
The QuickSCAT wind data set is the global surface wind product provided by NASA (Risien
& Chelton 2008). Data are measured from the near polar synchronous orbital QuikSCAT
satellite. In this study, we used pre-gridded (L3) QuickSCAT data at 0.25◦ resolution grid over
the 1999 to 2009 period. Daily wind data are downloaded from (https://winds.jpl.nasa.
gov/missions/quikscat/). Thereafter, monthly composites are calculated from daily maps.
Winds are derived using observations from the Advanced SCATterometer (ASCAT) on-
board the Meteorological Operational (Metop) launched by the EUropean organisation for the
exploitation of METeorological SATellites (EUMETSAT). The ASCAT wind product is an
improved surface wind speed and direction dataset which is subjected to stringent quality con-
trol procedure to remove bias due to the rain and coastal contamination (Global 2013). In this
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study, monthly composites are derived from the pre-gridded (L3) ASCAT daily maps (https://
podaac-opendap.jpl.nasa.gov/opendap/allData/ascat/preview/L2/metop_a/25km/) at 0.25◦
resolution grid over the 2009 to 2016 period.
The CCMP-FLK (Cross-Calibrated Multi-Platform/First-Look Analyses) wind dataset was
derived from the Cross-Calibrated Multi-Platform (CCMP) project. The product merges satel-
lite observations from SSM/I (Special Sensor Microwave Imager), SSMIS (Special Sensor Mi-
crowave Imager/Sounder), AMSR-E (Advanced Microwave Scanning Radiometer - Earth Ob-
serving System), QuikSCAT (Quick Scatterometer), SeaWinds, WindSat (Satellite-based po-
larimetric microwave) and other satellite instruments as they become available from REMSS.
The CCMP-FLK wind dataset also includes observations from Tropical Rainfall Measuring
Mission - Microwave Imager (TRMM TMI) ocean surface winds from the Tropical Rainfall
Measuring Mission (TRMM) platform (Atlas et al. 2011). In this study, monthly composites
of CCMP-FLK are collected from NASA data portal https://podaac-opendap.jpl.nasa.
gov/opendap/allData/ccmp/L3.5a/monthly/flk/. We use the gridded level 4 data at 0.25◦
resolution grid, over the period from 1990 to 2011.
The ERA-Interim atmospheric reanalysis is a wind product provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF) (Dee et al. 2011). ERA-Interim is a global
gridded data product covering the period from 1 January 1989 onwards. Monthly composites
are constructed from the 3-hourly surface wind with a 0.25◦ resolution grid.
Comparison-test was applied to products listed above derived from different technics of mea-
surement for their capacity to measure wind in the upwelling region: two from scatterometry
(QuickSCAT, ASCAT), one from cross-calibration (CCMP-FKL) and the last is a reanalysis
(ERA-Interim). Inshore wind data in CCMP-FLK and ERA-Interim have been removed to
maintain consistency with the QuickSCAT and ASCAT data which don’t have data near the
coast for the further comparison.
As we have the same grid resolution in each product which is 0.25◦ (25 km), we masked the
land including the first pixel from the coastline in the wind product CCMP-FKL and the ERA-
Interim reanalysis to be comparable with the QuickSCAT and ASCAT wind product spatial
structure, using similar approach applied in the south-east Pacific coastal upwelling (Croquette
et al. 2007).
To identify better the differences between products, wind data are extracted in three specific
zones (Figure 3.5). The main zone covers the upwelling region (Figure 3.5 (grey box in the
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map)). Two small zones are extracted from the main zone: Zone 1 is the zone before the
bending (East of the southern tip (Red in the map)), and zone 2 after the bending (West of
the southern tip (blue in the map)).
Figure 3.5 shows wind roses from the four wind data products described above which charac-
terise direction and intensity of wind taken inside the upwelling region (grey box in the map).
Wind roses show that the upwelling regions are strongly influenced by the easterly trade winds.
All panels ”a, b, c, d” show that wind blows towards two well defined directions which are
towards the west (270◦) and North-west directions (305◦). Winds towards (270◦) appear to
be predominant for all products except for QuickSCAT. Although products depicted the same
direction, intensities and densities of wind data appeared to be different in each product.
Before the southern tip (zone 1), QuickSCAT and ASCAT show a clear westward predomi-
nant direction and their velocities are quite similar. CCMP-FKL and Era-Interim appeared to
have similar directions which are the westward and a south-west direction (180◦). In term of
speed, CCMP-FKL and ERA-Interim appear to have low velocities, averagely between 5 to 6
ms−1, while QuickSCAT and ASCAT can exceed 7 ms−1. After the southern tip (zone 2), all
products depicts a North-west direction (305◦) with a velocity averaged between 6 to 7 ms−1.
Based on the comparison provided above, products show similar features but different inten-
sities in the upwelling region. ASCAT wind product appear to show features existent in all
products. Therefore, the study opts to use mostly the ASCAT wind product.
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Figure 3.5: Wind roses of surface wind intensity from different products in the upwelling zone. Large
wind roses in the middle represent wind intensity and direction retrieved from the entire upwelling area
(from the grey rectangle on the map), while small polar plots represent surface wind intensities and
directions retrieved from the rectangle in red (called zone 1) and in blue (called zone 2). a- Wind rose
in the upwelling zone derived from QuickSCAT, b- ASCAT, c- CCMP-FLK and d- Era-Interim.
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3.2 Ocean model: CROCO
Very few in-situ measurements were undertaken in the region of the upwelling and there is a
real lack of observations of the vertical structure of the water column in the upwelling region.
Land contamination also makes it difficult to estimate the reliability of satellite data at the
coast to investigate the mechanism associated with, as explained in the subsections above
( 3.1). Therefore, the study uses CROCO ocean model to reproduce the upwelling system and
reinforce findings found in observational analyses.
Coastal and Regional Ocean COmmunity model (CROCO) is part of a new generation
of three dimensional ocean circulation model previously named Regional Ocean Modeling
System (ROMS AGRIF) (Debreu et al. 2012, Shchepetkin & McWilliams 2005). CROCO
(https://www.croco-ocean.org/) is a numerical computational model conceived to simulate
the dynamics of the ocean in three dimensions, based on the numerical resolution of Naviers-
Stokes equations (Shchepetkin & McWilliams 2005, Debreu et al. 2012). The Naviers Stokes
equations are the primitive equations governing the motion of the ocean (Chorin 1968). CROCO
solves the primitive equations in a planetary rotating frame and takes into account Boussinesq
and hydrostatic approximations for an incompressible ocean (Shchepetkin & McWilliams 2005).
Detailed description of the equation solved by CROCO model are fully presented by Haidvogel
& Beckmann (1999), Shchepetkin & McWilliams (2005), Debreu et al. (2012). CROCO uses the
σ-coordinate system. The CROCO vertical layer structures are conceived to follow the bottom
topography structure which allows the model solution to have an important interaction with the
topography (Shchepetkin & McWilliams 2005). A CROCO configuration requires the surface,
lateral and the sea floor boundaries conditions to be prescribed as initial input parameters for
the calculation process (Shchepetkin & McWilliams 2005).
The CROCO model solutions provide principal physical parameters: u, v, T , S, ζ, which are
reproduced in three dimensional structures of ocean dynamics (Debreu et al. 2012).
Additional explanations of CROCO specificities and the approximated numerical model equa-
tions are fully provided in Appendix A.1.
According to the needs elaborated in the beginning of this subsection, two model configurations
are launched. The first configuration is a realistic simulation which reproduces the real state
of the ocean dynamics, and another configuration is used for sensitivity experiments.
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3.2.1 Realistic Simulation
In order to reproduce the vertical column structure of the upwelling system, a realistic oceanic
simulation is required. The simulated upwelling is compared with various observation data sets
with the purpose of evaluating the model solution which will be elaborated later on in this
section.
3.2.1.1 Model configuration
Outputs of a nested configuration of the CROCO are used in this study. A large-scale domain
is defined as parent grid while a small regional domain is the child grid. The first simulation
is applied to the parent domain, which has a lower resolution, with the aim to solve large-scale
patterns. The parent simulation provides the boundary conditions for the following simulation
which is the child model. The child model has a higher resolution and focuses on a regional
scale. In return, the child model also provides an improvement to the parent model solution
(Debreu et al. 2012). The two-way nested approach allows a run with a high-resolution grid at
low cost.
The parent grid resolution is 14
◦
degree, and the domain extends from 10◦W to 102.25◦E and
3.18◦S to 55.7◦S, while the child resolution is 112
◦
degree grid over the 6.08◦E to 54.16◦E and
7.49◦S 46.43◦S region (Figure 3.6). The vertical grid of the child model consisted in 60 levels
with the following values of surface, bottom and minimum depth-stretching parameters: theta
s=5, theta b=0, hc=10 m.
The model is run over the period 1993-2013 using a 112
◦
degree resolution nested grid (Figure
3.6), and the outputs were averaged every day.
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Figure 3.6: Areas covered by the models. (1) and (2) are the realistic simulation, where (1) is the
parent domain and (2) is the child domain. (3) is the domain used for the idealised simulation.
3.2.1.2 Topography, surface forcing and lateral boundaries condition
The model topography is derived from General Bathymetric Chart of the Oceans (GEBCO)
dataset (www.gebco.net) with 30 seconds grid spatial resolution grid. Both parent and child
grid topographies are smoothed in order to keep the slope of bathymetry structure with the
aim to avoid errors associated with vertical layers of σ (Haidvogel & Beckmann 1999) .
The model surface conditions are derived from the ERA Interim atmospheric reanalysis (Dee
et al. 2011) , collected from the European Centre for Medium-RangeWeather Forecasts (ECMWF)
(http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/), to calculate
wind stress using a bulk formulation (Fairall et al. 1996).
The lateral boundary conditions are forced by the Mercator global ocean reanalysis GLORYS
(Ferry et al. 2012).
At the start of the simulation, 3 years are used for the model spinup.
The model outputs are compared with satellite observations (Figure 3.7). The main charac-
teristics of the upwelling are well reproduced in the model (Figure 3.8).
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Figure 3.7: Comparison between satellite observations and the model outputs. (a) Mean MUR SST
and streamlines of mean ocean velocity from GlobCurrent over the period 2003-2015. (b) Mean SST
and streamlines of mean ocean velocity from the model over the period 1993-2013. Red rectangles (a,
b, c, d, e) are zones where time series were extracted for the comparison between model output and
satellite observations.
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Figure 3.8: Comparison between satellite observations and the model outputs. SST time series from
the model (red) and MUR product (blue) spatially averaged over the regions highlighted with the red
rectangles shown in Figure 3.7. Timeseries of SST differences (Green) between the model and the MUR
SSTs.
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3.2.2 Idealised Simulation
3.2.2.1 Model configuration
The response of the coastal upwelling to different forcings is investigated by conducting ideal-
ized simulations.
The aim of the idealized test is to isolate the different contributions of wind and currents to
force the upwelling. Wind and current are the main parameters which regulate the upwelling
mechanisms based on the literature review (Chapter 2). The changes applied to these param-
eters (increase or decrease) are expected to produce a significant sensitivity in the upwelling
system. The parameter targeted for the sensitivity test is the along-shore wind stress (Risien &
Chelton 2008, Benazzouz et al. 2014, Jose et al. 2016). Only wind sensitivity is applied because
result from the test can indicate if the wind induces significant change, otherwise, ocean current
contribution will be considered as the upwelling main driver.
An idealised simulation requires a ”reference simulation” which is the normal run. Thereafter,
the reference simulation is compared with the idealised simulation where we applied modifi-
cation in the surface forcing to quantify separate contributions of these two upwelling forcing
mechanisms.
3.2.2.2 Topography, surface forcing and lateral boundaries condition
The grid extended from 40◦E to 53◦E and from 10◦S to 30◦S (Figure 3.6) with a resolution equal
to 112
◦
degree. The number of vertical levels configured is 40 levels. Vertical grid parameters
applied are theta s=6, theta b=0 and hc=10 m.
The topography used during the simulation is the two minutes worldwide bathymetry (ETOPO
2) which is available within the CROCO package at https://https://www.croco-ocean.org/
download/croco-project/.
The simulation used is a one way simulation and it is a climatology run.
QuikSCAT wind climatology, at 14
◦
degree resolution, is the surface forcing applied for the
simulation and interpolated to the CROCO grid afterwards.
The lateral boundaries of the model are initialized with salinity and temperature monthly
climatological fields from the World Ocean Atlas (WOA 2005) at 1◦ (Conkright et al. 2002)
spatial resolution.
The model is run for 10 years, in which the outputs were averaged every 5 days. The integrated
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physical properties of the model showed stable conditions after the third year. Therefore, the
analyses applied for the study started from the fourth year into the end.
The model gives a good representation of the upwelled water at the south of Madagascar which
we will show in detail in the following chapter.
3.2.2.3 Idealised approach
The subsection explains the applied approach to reduce the wind stress intensity in the upwelling
region without changing the local circulation.
A circle surrounding the upwelling region is defined. The wind stress selected inside the circle
is reduced following the Gaussian filtering. The wind stress is reduced to be equal to zero in the
center of the circle and increases progressively following the typical Gaussian curve until the
radius of the circle. We note that the intensity of wind stress is reduced only inside the upwelling
area (inside the circle) without changing the intensity of wind stress outside the upwelling area.
P (i, j) = Coeff e(i−i0)
2+(j−j0)
2/2 r 2 (3.1)
Where i0 and j0 are the center coordinates of a selected circle covering the targeted region,
r is the radius and Coeff is the approximated coefficient for the Gaussian function which is
equal 1 to retain the wind data in the selected area. Equation 3.1 is the reformulation of the
standard Gaussian function (Vázquez et al. 1999) applied for two dimensional distribution in i
and j dimensions.
Equation 3.1 is applied to the wind stress and it is illustrated in the Figure 3.9 which shows
the change applied to the surface forcing for the idealised simulation.
3.3 Lagrangian experiment
Lagrangian dispersion models have been widely used to study a broad domain in oceanography
such as fish larvae dispersion (Lett et al. 2008), plastics convergence in the open ocean (Maes
et al. 2018), displacement of water masses (Vic et al. 2018), optimisation of marine top preda-
tors migrations (Kai et al. 2009), and so forth.
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The Lagrangian trajectory simulation model is a developed concept for investigating displace-
ment of a fluid parcel in a circulation system. Lagrangian dispersion modelling provides trajec-
tories and dispersions in various scale of an element which can be passively transported with
the flow, using ocean velocity fields ~u = (u, v, w), mostly from three dimensional ocean model
output (Vic et al. 2018).
In this study, Lagrangian experiment is performed to investigate pathways of upwelled water
propagations. An off line Lagrangian advection code described by Gula et al. (2014) is adapted
for this investigation. The Lagrangian drifter-tracking code algorithm is written in Fortran,
and is wrapped in Python for the easy interoperability in different utilisation.
The Lagrangian drifter-tracking code is computed to advect parcel of water in three-dimensional
velocity fields, ~u = (u, v, w), using model solution from the realistic configuration (Subsection
3.2.1). A particle tracking model is applied to study upwelled water pathways using a fourth-
order Runge-Kutta (RK4) integration method (Vic et al. 2018).
Particle tracking model solving the equation:
Xi(x0, y0, z0)




ui(x, y, z, t) dt (3.2)
The passive progression at each time step from n to n+1 period using three-dimensional veloc-
ity fields ~u is shown in equation 3.2. The second term of the equation 3.2 is the time integral
requiring differential equation RK4 method solver.
Advection of particles is applied in each gridded locations from the model solution.
Particles can be seeded in three dimensional coordinates, vertical and horizontal location crite-
ria, using the model solution dimension.
Particles can be released with continuous injection or once-off release by injection. Injection is
the method applied to the n+ 1 particles which will be released at the same positions (origin)
every time step and through all simulations. In this study, once-off release was performed for
all Lagrangian investigations applied in this study.
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Figure 3.9: (Top-left) Wind stress climatology data from scatterometer QuickSCAT product covering
the period 1999 to 2009. Dotted lines are a reference line to test the original and modified wind
stress. (Top-right) Wind stress climatology data modified after applying the Gaussian approach in the
upwelling area. (Bottom) Longitudinal variation of the original and modified wind stress cropped from
the dotted reference line.
Chapter 4
Spatial and seasonal variability
This chapter is based on the work published as:
Ramanantsoa, J.D., Krug, M., Penven, P., Rouault, M. and Gula, J., 2018. Coastal upwelling
south of Madagascar: Temporal and spatial variability. Journal of Marine Systems, 178, pp.29-
37. Doi: 10.1016/j.jmarsys.2017.10.005.
4.1 Introduction
The marine coastal regions south of Madagascar are highly productive (Bemiasa 2009, Pripp
et al. 2014). Biological production in these coastal regions is driven by an active coastal up-
welling, which boosts coastal ocean fertilization. Several local biological studies have further
confirmed that the coastal upwelling south of Madagascar is a hotspot of marine biological
productivity (Houart & Héros 2013, Rakotoarinivo 1998). Satellite observation of Sea Surface
Temperature (SST) and Chlorophyll-a concentration can be used to identify upwelling regions
south of Madagascar as shown in Figure 4.1. In that synoptic map, cold waters near the coast
associated with high Chlorophyll-a concentrations are indicative of a coastal upwelling event.
A better understanding of the upwelling variability south Madagascar is essential to adequately
manage and preserve these ecologically and economically important coastal regions (Bemiasa
2009).
Coastal upwelling south of Madagascar may also impact productivity over the larger south
Indian Ocean. The region south-east of Madagascar and within the Southern Indian Ocean
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Counter Current (Siedler et al. 2009) is subject to one of the largest chlorophyll blooms ob-
served in the open ocean (Longhurst 2001, Wilson & Qiu 2008). The formation, propagation
and termination of this bloom remain a topic of active research (Srokosz et al. 2015), but several
studies point to a possible link between the coastal upwelling regions of Madagascar and the
large bloom of phytoplankton spreading in south Indian ocean (Huhn et al. 2012, ?). Conse-
quently there is a strong need to adequately characterise and understand the mechanisms which
drive this upwelling.
Limited studies have addressed the seasonality and variability of the coastal upwelling south
of Madagascar. Ho et al. (2004) were the first to investigate its seasonality. Their work was
based on an analysis of observations of Chlorophyll-a concentrations derived from the SeaWiFs
sensor over the period 1997-2001. They showed that upwelling along the South Madagascar
coastline was greater during the austral winter (May-Oct) than in the austral summer (Nov-
Apr) months. A later study by Raj et al. (2010) further suggested that shallower mixed layer
during summer season tended to promote the summer upwelling.
Coastal upwelling south of Madagascar is thought to be driven by coastal winds (DiMarco
et al. 2000) and/or interactions between the East Madagascar Current (EMC) and the shelf
(Lutjeharms & Machu 2000). DiMarco et al. (2000) argued that wind stress in austral summer
favors upwelling events. However, Lutjeharms & Machu (2000) did not find a significant correla-
tion between the wind and the presence of upwelled water near the coast. Instead, Machu et al.
(2002) suggested that the formation of cyclonic eddies through interactions between the EMC
and the continental shelf could influence the strength of the upwelling. Ho et al. (2004) also
showed a link between upwelling and the EMC. The influence of the EMC on the coastal up-
welling was later confirmed by the idealized modeling work of Jose et al. (2016) which illustrates
the potential effects of the detachment of the EMC on vertical velocities.
This chapter seeks to provide an improved understanding of the spatial extent and seasonal
variability of the upwelling south of Madagascar and clarify its complex generating mechanisms.
For that purpose, we use satellite observations and outputs from an ocean numerical model.
Subsection 4.2 describes the observations, model and techniques used in this study. Subec-
tion 4.3 presents the characteristics of the upwelling cells, their extents, and their seasonal
variations. Subection 4.4 addresses the relative role of the wind and the ocean currents as
drivers of the coastal upwelling. A discussion and conclusions are presented in Subsection 4.5.
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Figure 4.1: Correspondence between inshore cold water and Chlorophyll-a concentration response.
(a) Map of sea surface temperature on the 15/06/2014 south of Madagascar. The black arrows represent
the geostrophic current. Black stars are the position where the Lagrangian particles are released. The
boxes are the relevant location for computing the sea surface temperature-based Coastal Upwelling
Index. The red box (numbered 1) will represent upwelling cell Core 1, the blue box (numbered 2)
will represent upwelling cell Core 2 and the black box will represent the offshore temperature. (b)
Chlorophyll-a concentration on the same day. Dashed contour lines are the isobaths at 500 m and 1000
m depth. Black lines are transects taken inside respective upwelling cells.
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4.2 Data, model and method
4.2.1 Observation
Table 4.1: Data sets and their sources. The first column lists the data source and the sensor (when
applicable, in parentheses), the second column is the variable measured or estimated, the third column
is the temporal resolution, the fourth column the spatial resolution (in degree), the fifth column the
data record length, and the sixth column the Internet resource from which the data were downloaded.
Data source (sensor) Variable Composite Grid resolution [Degree] Period URL
Aqua (MODIS) Chlorophyll-a Monthly 1/100 2003-2015 http://www.afro-sea.org.za/
MUR SST Monthly 1/100 2003-2015 http://mur.jpl.nasa.gov/
MetOp-A (ASCAT) Wind Monthly 1/4 2009-2015 http://www.ifremer.fr/cersat/en/data/data.html/
GlobCurrent Surface currents Monthly 1/4 2003-2015 http://www.ifremer.fr/opendap/cerdap1/globcurrent/
Table 4.1 details the dataset used in this chapter. The Multi-Scale Ultra-High Resolution
(MUR) SST is used in this chapter based on the product reliability of showing the coastal
upwelling demonstrated in Chapter 3. Since we are focusing on the seasonal cycle, we use
monthly data calculated from daily data.
Wind fields observed from the Advanced Scatterometer dataset (ASCAT METOP-A) (Table
4.1) were used. The ASCAT sensor is less prone to rain and land contamination (Hilburn et al.
2006) and therefore well suited for coastal regions. This wind product is operationally monitored
and processed through EUMETSAT (Hasager et al. 2015).
The Moderate-Resolution Imaging Spectroradiometer (MODIS) Chlorophyll-a was down-
loaded from the NASA Ocean Color Nasa website and processed by the Marine Remote Sensing
Unit (MSRU, Cape Town, South Africa). Monthly composites of Chlorophyll-a concentrations
are derived from the 1 km gridded L3 Aqua MODIS daily maps.
The GlobCurrent product is a combination of geostrophic currents from satellite altimetry
and Ekman currents calculated from ECMWF ERA INTERIM reanalysis winds (Johannessen
et al. 2015). The GlobCurrent data are provided at a 3-hourly frequency, and on a 1/4 degree
grid resolution. They are combined as monthly composites for this study.
We also used a 2.5-year time series (10/2010 to 02/2013) of the EMC volume transport to
investigate the relationship between EMC and upwelling intensity. The EMC transport data
were derived from Acoustic Doppler Current Profiler (ADCP) observations collected across the
EMC at a latitude of 23◦S. The dataset provided by the NIOZ (Royal Netherlands Institute
for Sea Research), was collected during the INATEX research project (Ponsoni et al. 2016).
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4.2.2 Model set up and Lagrangian experiment
To investigate the physical drivers of the upwelling, we analysed outputs from a regional ocean
model and performed additional numerical sensitivity studies. We used the outputs of a nested
configuration of the Coastal and Regional Ocean Community model (CROCO) explained in the
chapter 3.
The influence of the coastal circulation is investigated by tracking the origin of the wa-
ter masses that feed into the coastal upwelling cells through a Lagrangian particle tracking
experiment applied to the model outputs. To define major pathways of upwelled water, three-
dimensional velocity fields are used to advect the particles of water backward in time over a
two-month period. Particles are advected using the code described in Gula et al. (2014). Par-
ticles are released at the two locations shown as black stars in Figure 4.1. The particles are
released every 5 m in the upper 50 m. 168 particles are released in a first upwelling cell (46.8◦E
- 47.2◦E; 25.1◦S - 25.5◦S) (Core 1: southeast of Madagascar; Figure 4.1) and 126 in a second
cell (44.7◦E - 45.1◦E; 25.45◦S - 25.85◦S) (Core 2: southern tip of Madagascar; Figure 4.1)
every year from 2003 to 2013.
In addition, a second model configuration is used for idealized simulations. The model has
a 1/12 degree grid resolution similar to the first configuration. It is forced by a QuickScat wind
stress climatology and the boundary conditions are constructed from the World Ocean Atlas
(Conkright et al. 2002). The model is able to reproduce the coastal upwelling. These idealized
simulations are used to perform sensitivity studies and investigate the role of the wind stress,
the EMC, and the coastal circulation as drivers of the coastal upwelling.
4.2.3 Upwelling frontal detection
A front detection algorithm is applied to monthly SST maps to identify surface temperature
fronts south of Madagascar. The method proposed here is an adaptive Canny edge detector
applied on multiple images (Canny 1986). Each monthly SST composite map is preliminarily
low-passed filtered using a Gaussian filter with a sigma value of 1 (Higdon 1998), to omit small
scale variability. A Sobel operator with a fixed 3x3 window is then used to highlight the regions
associated with the strongest SST fronts in the monthly images (Simhadri et al. 1998, Ping
et al. 2016). Following that step, only the strongest gradients in a 3x3 window and along both
an East-West and North-South axis are selected (Othman et al. 2012). Afterwards, the monthly
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upwelling fronts are defined as frontal regions tracked from a range of optimal thresholds of
SST gradient following the formula in Othman et al. (2012), Tlow =
1
2Thigh, where Tlow is
average lower gradient and Thigh is the optimal higher gradient in our case falling with a range
of 0.76◦C.km−1 and 1.51◦C.km−1. Lastly, all monthly frontal maps are combined seasonally to
identify only the zones with a high number of frontal occurrences.
4.2.4 Upwelling spatial extent
The spatial extent of the upwelling cell is estimated by following a surface isotherm encom-
passing the colder coastal upwelled waters. The value of isotherm used is calculated following
Veitch et al. (2010), according to equation 4.1.
SSTupwelling = 0.25SSTcoast + 0.75SSToffshore (4.1)
where SSTcoast [
◦C] is the lowest SST inside the upwelling zone located over the shelf south of
Madagascar, and SSToffshore [
◦C] is taken off the southern tip of Madagascar in the vicinity
of the 1000 m isobath, averaged over the longitudes 45◦E, 46◦E and latitudes 26◦S, 27◦S.
4.2.5 Upwelling index






Where SSToffshore is the mean warm SST inside the black box in Figure 4.1, SSTcoast is the
mean SST in red or blue box in Figure 4.1, and SSTmean is the temporal average of SSTcoast.
The SST difference is taken between the monthly temperature in the coastal zone (SSTcoast)
for each upwelling cell (red box or blue box in Figure 4.1) and the offshore temperature
(SSToffshore) at the same latitude inside the core of the EMC (black box in Figure 4.1) using
a similar approach to that described in Benazzouz et al. (2014). The box chosen to derive
SSToffshore has been carefully selected to account for the influence of the EMC on coastal
upwelling (Lutjeharms & Machu 2000, DiMarco et al. 2000, Ho et al. 2004). This difference is
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normalized by dividing by the difference between SSToffshore and the temperature averaged in
time over both coastal boxes (SSTmean) to account for seasonal solar heating as described by
Alvarez et al. (2011) and Gonzalez-Nuevo et al. (2014). The CUI ranged from a value of 0 (no
upwelling) to values greater than 1 which are indicative of strong upwelling.
4.2.6 Cross Shore Ekman Transport
To test the influence of winds on coastal upwelling, we estimate the cross shore Ekman transport
(CSET) following the methods described by Bakun (1975). The cross shore Ekman transport
is derived using the component of the wind stress parallel to the coast.
τalonshore = CdρaV






2.s−1] is the along shore wind stress, ρa [kg.m
−3] is the density of air at
10 m above the water surface, Cd is the dimensionless drag coefficient following Large & Pond
(1981), V [m.s−1] is the 10 m wind speed, α is the wind direction, β is the dominant coastline
angle (azimuth), ρo [kg.m
−3] is the density of water, and f is the Coriolis parameter.
4.3 Characteristics, extent, and seasonal variations of the
upwelling cells
4.3.1 Spatial patterns of cold coastal temperature
The mean SST over the period 2003-2015 shows the presence of colder water close to the coast
south of Madagascar (Figure 4.2a). This upwelled water lies over the shelf between the 0 m
and the 500 m isobaths with the lowest temperatures near the shore. On average, this upwelled
water is 1.65◦C colder than the waters offshore. The upwelling extends from 24.4◦S along the
south-east coast, north of Taolagnaro (also called Fort Dauphin), to Cap Sainte-Marie (25.6◦S),
the southernmost point in Madagascar (Figure 4.2a). The transition between the cold upwelled
water and the offshore warm water is sharp. The offshore warm water is transported by the
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EMC from the east, and another warm water at the south-west appearing to be a surface flow
extends from the Mozambique Channel to the western side of Madagascar (Figure 4.2a). The
transition between cold and warm waters is more gradual in the southern part of the shelf,
probably due to an important eddy variability there (Halo et al. 2014).
Figure 4.2b shows the root mean square (RMS) of the annual SST cycle. Warm surface
waters associated with the EMC display less variability (1.45◦C RMS) than those located further
west where RMS values range from 1.7 to 2.1◦C (Figure 4.2b). The largest RMS values of
2.1◦C are encountered in the southwestern coastal regions located closest to the Mozambique
channel. In comparisons, the SST RMS near Taolagnaro is of the same order of magnitude as
is SST RMS within the neighbouring EMC waters.
The inter-annual SST RMS based on SST anomalies is shown in Figure 4.1c. Again,
the inter-annual variability in the western coastal upwelling regions, off Cap Sainte-Marie,
is higher. These upwelling regions are associated with inter-annual RMS values of 0.72◦C.
On the southeastern side, the upwelling coastal regions and the EMC both display low inter-
annual variability with a RMS value of 0.4◦C. These results suggest the presence of two distinct
cold water bodies with different annual and inter-annual levels of variability: Core 1, in the
southeastern corner of Madagascar, and Core 2, west of the southern tip of Madagascar.
CHAPTER 4. SPATIAL AND SEASONAL VARIABILITY 50
Figure 4.2: (a) Mean SST for 2003-2015 using MUR SST product which reflects the strong signature
of inshore cold water, marker of coastal upwelling, south of Madagascar. Grey dotted lines are isobaths
at 500 m and 1000 m. (b) Root Mean Square (RMS) of the annual SST variation. (c) Root Mean
Square (RMS) of the interannual SST anomaly for 2003-2015.
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Figure 4.3 shows the spatial distribution of the monthly occurrence of cold water events
detected within the entire study region (43◦E - 48◦E; 24◦S - 26.5◦S). Coldest waters in the
monthly dataset occur in two distinct locations. The first location (Core 1), lies in the south-
east corner of Madagascar close to Taolagnaro, around 47◦E and 25◦S. Our analysis shows a
fairly wide and scattered spatial distribution for these cold pockets of waters which encompasses
the region of cold mean SST seen in Figure 4.2a. It is located at the inshore edge of the detached
EMC, where a well-defined minimum of temperature can be observed throughout the year. The
second region where cold waters occur is found at the south-west corner of Madagascar, in the
vicinity of 45◦E, where Core 2 is located. The spatial distribution of coldest water events in
this region shows less scatter and a more coherent grouping and is coincident with the location
of the mean colder water features in Figure 4.2a. These findings confirms that upwelling
South of Madagascar, identified through the analysis of both mean and minimum surface water
temperature values, occurs within 2 different cells: Core 1 and Core 2. The Core 1 is subjected
to a high spatial spread and higher frequency of cold water events than in Core 2 (Figure 4.3).
This explains the perennial behaviour of Core 1 which which shows less variability than Core 2
(Figure 4.2b and 4.2c).
Using the SST minima (SSTupwelling) associated with the two upwelling cores, defined in
equation 4.1, we compute the percentage occurrence of colder water between 2003 and 2015
to determine the persistence of coastal upwelling south of Madagascar. Figure 4.3 shows that
upwelling occurs in Core 1 almost 70% of the time, illustrating its permanent nature. The
maximum value is about 50% for Core 2, in agreement with the higher variability seen on
Figure 4.2.
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Figure 4.3: Spatial distribution of the lowest temperature. Stars represent the lowest temperature
each month over the period 2003-2015 taken for the whole upwelling region. The occurrence of cold
water (in %) over the same period, is shown in grey scales.
4.3.2 Seasonal extensions of the upwelling cells
The aim of this section is to highlight the seasonal characteristics of the two cores. To better
identify regional variations in upwelling strength and spatial extent, we identify SST fronts with
the frontal detection algorithm described in section 4.2.3 Figure 4.4 presents the occurrence of
SST fronts between 2003 and 2015. These SST fronts delineate the borders of the two upwelling
cores for each season. SST fronts are present all year long, east and west of Core 1, and on the
southern part of the shelf, inshore of the EMC. SST fronts are also detected around Core 2 in
Summer (JFM), Fall (AMJ) and Winter (JAS). This confirms the presence of two well-defined
upwelling cores on the eastern and western part of the upwelling. The eastern boundary of
Core 1 is quite spatially invariant throughout the year. It extends from the east coast to the
southern tip of Madagascar, following the shelf break between the 1000 m and the 2000 m
isobaths. However, the southern extension of Core 1 is more seasonally variable, being more
defined in fall and winter and less evident in Spring (OND). The western boundary of Core 2 is
distinguishable in summer, fall and winter (Figure 4.4). It starts from the southwestern corner
of Madagascar at 25◦S, and follows the shelf along the 1000 m isobath and in a southeastern
direction. Another front can be observed south of Madagascar between the two cores (for
example at 45◦E in Winter, Figure 4.4c), highlighting their different water characteristics and
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behaviour. The result emphasizes that Core 1 is almost permanent throughout the year but is
more intense in autumn and winter. Core 2 is present for the first three seasons of the year but
less visible in spring.
Figure 4.4: Seasonal distribution of coastal upwelling fronts based on SST. Red lines are SST fronts
detected over the period 2003-2015, based on multiple image canny edge detection method. Grey lines
are 2000 m isobath.
Based on a multisensor of satellite data analysis conducted by (Lutjeharms & Machu 2000),
they observed that upwelling cell is more apparent in ocean colour than in the SST. Related
to this, Figure 4.5 concomitantly provides a seasonal variation of SST and Chlorophyll-a
concentration. Figure 4.5 shows spatial correspondence between cold water and Chlorophyll-a
response in seasonally time scales. Figure 4.5 also reveals that the Chlorophyll-a concentration
has a perennial signature throughout the year. The Chlorophyll-a concentration is maximum
in JAS, while it is minimum in JFM and OND.
Now that we have identified two distinct upwelling cores, we will characterize the differences
between these two cores and focus on upwelling intensities.
CHAPTER 4. SPATIAL AND SEASONAL VARIABILITY 54
Figure 4.5: (Left) Seasonal map of SST from MUR product during the period of 2003-2015. Contour
intervals represent 0.5◦C of SST. (Right) Seasonal map of Chlorophyll-a concentration from MODIS
Aqua product the same period. Dashed lines are isobath for 500 m and 1000 m depth.
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4.3.3 Seasonal variations of core intensity
Figure 4.6 presents the monthly climatology of the upwelling index (CUI) based on SST,
presented in section 4.2.5, for the upwelling cells in Core 1 (red bold line) and Core 2 (blue
bold line). It also shows the seasonal variations in Chlorophyll-a concentration and offshore
Ekman transport. The variability of the CUI is dominated by a seasonal cycle with a maximum
in winter for the two cores. In agreement with the results presented in the previous section,
CUI variations show that upwelling is present throughout the year in Core 1. For Core 2,
although the CUI also reaches a value of about 0.5 in winter, it is much weaker with almost no
upwelling from October to January. While temperature differences across an upwelling front
are not necessarily linked to upwelling (Gunther 1936, Oram et al. 2008), several characteristics
of Core 2 point to the occurrence of active upwelling. Between October and January, surface
waters in Core 2 are still generally colder than those of neighbouring waters but the spatial
extent of Core 2 decreases. The high variability which characterises Core 2 which at times masks
the upwelling, is probably caused by the wider range of mechanisms which impact surface waters
in Core 2. This is reflected in the CUI standard deviation value which is 0.16 for Core 1 and
0.25 for Core 2. This analysis is again coherent with our results from the previous section
which indicate a high annual variability found in Core 2. The CUI time series (Figure 4.6)
further shows that the seasonal cycles in the two cores are not in phase, with the maximum
upwelling in Core 2 leading the maximum upwelling in Core 1 by one month. A significant
linear relationship over the entire time series is found between the upwelling index and the
Chlorophyll-a concentration for the two cores with a correlation of 0.72 for Core 2 and 0.58 for
Core 1. These relationships confirm the link between surface cold water signature and increased
in cholorophyll A concentration through upwelling.
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Figure 4.6: Bold solid lines are seasonal variation of coastal upwelling index. Dotted lines are
seasonal variation of Chlorophyll-a concentration (mg.m−3). Solid lines are seasonal variation of Ekman
transport (m−2.s−1 per meter of coastline) for Core 1 and Core 2 over the period 2003-2015.
Compared to the upwelling cells of Senegal and Morocco, where similar upwelling indices
were used, the upwelling in the coastal regions of south Madagascar index is relatively weak. In
the upwelling of Senegal and Morocco, temperature differences between the offshore and coastal
regions are at times greater than 5◦C and result in an upwelling index in excess of 1 (Demarq
& Faure 2000, Benazzouz et al. 2014).
4.4 Mechanisms
4.4.1 Wind driven upwelling
The aim of this section is to identify the relationship between the CUI and wind forcing in each
core. Cross Shore Ekman Transport (CSET) seasonal variations are calculated and plotted in
Figure 4.6. We note that the CSET is calculated using dominant angles of the coastline from
true East (18.3◦ for Core 1, −30◦ for Core 2), according to the equation 4.3, for orienting the
wind stress direction following the shape of coastline at each Core.
For both cores, CSET seasonal variations present two periods of high intensity (winter and
late summer) and decreases during two periods (fall and early summer) throughout the year.
The first distinct phase is the increase of local wind and upwelling intensity in winter. Figure
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4.6 shows that the CSET increases sharply from the beginning of winter (May) to late winter
(September) for both cores. The upwelling indexes for both cores are also maximum in winter
although they precede the maximum in cross-shelf Ekman transport. Another maximum of
CSET is found in late summer (March) for both cores. This maximum is not as high as the
winter peak and does not seem to be associated with a maximum in CUI (Figure 4.6). The
CSET decreases significantly twice in a year. An important decrease happens at the beginning
of summer (October-November). This decrease is coherent with the reduction of upwelling
intensity at the end of winter. Another decrease of CSET is observed between March and May.
During this period the wind stress decreases abruptly while the CUI remains strong in both
cores. Next, we examine how changes in the orientation of the coastline and predominant wind
directions impact on the intensity of the SST derived upwelling index.
In Figure 4.7, the south Madagascar coastline is smoothed to be able to extract the specific
orientation of the different sections of the coastline. The sections are labelled “a” to “n”. We
considered that the sections of coastline from “a to g” represent the Core 2 section, while the
portions of coastline from “h to n” represent Core 1. The arrows indicate the mean wind
direction in the upwelling region. Only wind speed and direction located over the shallow
topography (6 1000 m) are selected as potential drivers of upwelling wind-driven. We then
compare the direction of the wind relative to the orientation of the coast for each portion of
the smoothed coastline to explain the contribution of local wind to coastal upwelling intensity.
Figure 4.7 also shows the wind roses characterising the direction and intensity of the wind in
the upwelling region. The orientation of each coastline portion defined above is compared with
the dominant wind direction illustrated by the wind rose (Figure 4.7). The figure shows the
correspondence between the dominant direction of the wind and the orientation tangent to the
coastline. The results reveal that the orientation of the coastline in the south of Madagascar
favours upwelling condition, especially for the sections “i, j, k, l” in Core 1 and “c, d, e, f, g” in
Core 2, where the wind blows tangentially to the coastline. Figure 4.7 shows that although the
coastline presents a large curve, the wind is still mostly parallel to the coastline and therefore
favorable to upwelling.
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Figure 4.7: In the map ”a, b,...,n” are sections of the smoothed coastline represented by the solid
turquoise line; Arrows are the average wind. Wind roses are polar distribution of wind intensities and
directions for each section of coastline. The turquoise solid lines in the wind roses show the orientation
of the smoothed coastline.
Figure 4.8 shows the CSET calculated at different sections of coastline. The Hovmöller
plot allows us to assess seasonal variations in the magnitude of the upwelling favorable winds.
In agreement with Figure 4.6, high values of CSET occur during two distinct periods. The
CSET is large in late winter and moderate during summer for specific sections of the coastline.
The results confirm that winds are upwelling favorable in late winter (Aug-Sep) for sections “i,
j, k, l” (Core 1) and sections “c, d, e, f, g” (Core 2). In winter, the intensity of the CSET is
similar for Core 1 and Core 2, in spite of a wind speed reduction of approximately ∼ 3 m.s−1
from Core 1 towards Core 2. This is due to the more favorable orientation of the coastline for
Core 2. In summer, the CSET is moderately intense at the beginning of the year and decreases
in late summer for both cores. The results demonstrate that the local winds promote moderate
upwelling in late summer and strong upwelling in late winter. However, the winds are not well
correlated with the upwelling index for either cores.
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Figure 4.8: Annual variation of Cross-Shore Ekman transport (m2.s−1 per meter of coastline) perpen-
dicular to the coastline sections. Tuquoise labels in y axis represent portions of coastline tangentially
favourable for a wind-upwelling, where ”i,j,k,l” for Core 1 and ”c,d,e,f,g” for Core 2.
To further investigate the contribution of the local wind in generating upwelling, we perform
idealized numerical simulations. Figure 4.9 shows that the annual mean SST from the reference
simulation reproduces the coastal cold water representative of the upwelling. With weaker
coastal winds, the upwelling signature is largely reduced, with SST up to 2◦C warmer than
in the reference experiment (Figure 4.9b). However, a patch of colder SST can still be seen
inshore of the EMC, showing that the upwelling in Core 1 is also influenced by the presence
of the EMC. In Core 2, the upwelling signature vanishes in the idealized experiment, thereby
illustrating the greater role played by the wind as a driver of upwelling for Core 2. This result
confirms that the wind is not the only mechanism at play and the interactions of currents such
as the EMC interaction with the continental shelf likely plays a significant role in driving the
upwelling. Next, we look at the influence of EMC on upwelling intensity.
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Figure 4.9: Mean SST from (a) the reference simulation, overwritten by the wind surface (arrows),
and (b) the simulation with an attenuation of the wind stress above the region of upwelling. Arrows
show the mean surface wind used for the simulations.
4.4.2 Influence of EMC on upwelling
Several authors have suggested that both the EMC and wind-driven upwelling act as drivers for
the upwelling south of Madagascar (Lutjeharms & Machu 2000, DiMarco et al. 2000, Ho et al.
2004). Figure 4.10 presents monthly values of the upwelling index (CUI) in Core 1 and the
volume transport (normalized by its standard deviation: 5.74 Sverdrups [1 Sv = 106 m3 s−1])
of the EMC at 23◦S, upstream of the coastal upwelling over the 2.5 years period of available
in-situ current observations (Ponsoni et al. 2016). A monthly Chlorophyll-a concentration time
series taken in Core 1 highlights the phytoplankton response to the current forcing. Despite
the relative short period of the volume transport data (28 months), the correlation between the
SST upwelling index and the EMC volume transport time series is significant at 95% with a
Pearson’s correlation coefficient equal to 0.59. This confirms the influence of the EMC on the
upwelling and explains why upwelling in Core 1 might persist despite winds not being upwelling
favorable throughout the year. Modulations in the EMC transport also appears be associated
with variations of the Chlorophyll-a concentration in Core 1 (correlation 0.28), although the
seasonality shown in Figure 4.6 results in a minimum around January while the EMC is still
strong. A very low correlation value of 0.11 between the EMC volume transport time series
and the SST upwelling index for Core 2 shows that the EMC is not a direct driver of seasonal
variability in Core 2. A Lagrangian experiment to investigate the sources of upwelled water in
each core is used to better understand the connectivity (or lack thereof) between Core 1 and
Core 2.
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Figure 4.10: Time series coloured in blue is the coastal upwelling index inside Core 1 (normalized);
Time series in yellow is the volume transport of East Madagascar Current (EMC) from ADCP transect
located at 23◦S (normalized). Green dash-dotted line is the Chlorophyll-a concentration inside Core 1
(normalized).
4.4.3 Origin of upwelled water
To identify the major pathways for the upwelled water of each core, we advect virtual Lagrangian
particles backwards in time using the outputs of the model simulation shown in Figure 3.7.
Figure 4.11 shows the horizontal density and longitudinal distribution of the origin of the
particles two months before the upwelling intensity peaks in winter. The green boxes are the
locations where particles are released before backward advection. The density of particles that
reach Core 2 in two months is higher along the west coast of Madagascar in the Mozambique
Channel, between 19◦S and 26◦S. The large majority of the particles [81.69 %] follow a coastal
pathway along the west coast of Madagascar before reaching Core 2. A smaller proportion
[18.31 %] of particles that upwell in Core 2 arrive from the East, carried by the EMC.
In contrast to Core 2, the particles upwelled in Core 1 arrive equally from both sides: 58.4 %
from the EMC and 41.6 % from the Mozambique Channel. This shows that, although the EMC
directly influences the upwelling in Core 1, it is not the only source of upwelled water.
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Figure 4.11: (top) Spatial probability of water parcels origin 2 months before upwelling for Core
2 (left) and Core 1 (right) during the period of 2003 to 2013. (bottom) Latitudinal average of the
probability density function of particle distribution. Green boxes are the areas covered by particles at
the initial position.
4.5 Discussions and conclusion
Coastal upwelling south of Madagascar occurs predominantly in two well-defined upwelling
cores. The first core (Core 1) is located in the southeastern corner of Madagascar, between the
coastal zone and the EMC, while the second core (Core 2) is located west of the southern tip
of Madagascar. The temporal behavior of these two cores is different. Upwelling in Core 1 is
perennial throughout the year with a maximum toward the end of austral winter, while weak
upwelling occurs in Core 2 from October to January. These differences arise from the difference
in the drivers generating coastal upwelling. Our analyses, based on satellite observations and
model simulations show that upwelling in Core 1 is forced concurrently by the EMC and the
wind. The significant correlation between the upwelling index and the EMC flow confirms the
influence of the EMC on Core 1, in agreement with (Lutjeharms & Machu 2000, DiMarco et al.
2000, Ho et al. 2004). Ho et al. (2004) noted that the EMC strongly influences coastal upwelling
along the southern Madagascan shores. Frontal variability in western boundary currents often
leads to the formation of cyclonic eddies which can contribute to the promotion of upwelling
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(Lee et al. 1991, Chia et al. 1982, Campos et al. 2000). The presence of such a cyclonic eddy
and its potential role as a driver of upwelling was noted by Machu et al. (2002). In a recent
work, Jose et al. (2016) used a coupled physical-biochemical model in the region and suppressed
the momentum advection term in the Navier-Stokes equation. Jose et al. (2016) found that the
coastal upwelling south of Madagascar disappears when the momentum advection (responsible
for EMC detachment) is neglected in the model. Results from the model sensitivity study and
the Ekman transport analysis show that the wind also drives upwelling in Core 1, in agreement
with DiMarco et al. (2000). This dual forcing is suggested through the Lagrangian analysis
which shows that the water particles in Core 1 arrive from both the east side, which is more
induced by the EMC, and the west side from Mozambique Channel regions which is probably
generated mainly by the wind. A combination of the EMC and local wind forcing appears to
be at the origin of the upwelling maximum observed in winter since the EMC is slightly more
intense at this time of the year (Quartly & Srokosz 2004b, Voldsund 2011) and the local wind
is also stronger towards late winter / spring.
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Figure 4.12: Vertical sections of temperature taken along the transect plotted in Figure 4.1b. (Left)
Seasonal variations of temperature close to Core 2. (Right) Seasonal variations of temperature close to
Core 1. Bold lines represent 22◦C of isotherms.
An upwelling front detection reveals a second distinct upwelling region (Core 2) west of the
southern tip of Madagascar. In contrast with the upwelling in Core 1, the upwelling in Core 2
is not linked with the EMC. This results in a higher SST variability for Core 2 at seasonal and
inter-annual time scales. Although local coastal winds are upwelling favorable for generating
Core 2, the timing of the maximum in offshore Ekman transport does not match the upwelling
index maximum. The lack of correlation between upwelling and local wind was also reported
by Lutjeharms & Machu (2000). Since the upwelling in Core 2 is not directly linked with the
EMC, there must be other drivers of upwelling variability in this region besides the winds.
The Lagrangian analysis reveals the presence of a warm poleward flow along the west coast of
Madagascar, which transports water particles from warm waters of the Mozambique Channel
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to Core 2. Such a warm poleward flow should result into a relatively deep thermocline along the
southwestern shores of Madagascar. This is confirmed by cross sections in the realistic model
simulation for each season, south-west of Madagascar (Figure 4.12 left). In contrast with the
section south-east of Madagascar, where the geostrophic balance across the EMC results in an
uplift of the isotherms (Figure 4.12 right), the poleward coastal flow is associated with a coastal
deepening of the thermocline (represented here by the 22◦C isotherm, Figure 4.12 left). In this
case, although winds are upwelling favorable, warm waters are upwelled, resulting in a weak up-
welling signature in SST. This situation can be compared with the California upwelling system,
where a deepening in the thermocline occurs during El-Nino events (Huyer & Smith 1985). A
large scale deepening of the thermocline associated with the poleward flow at the coast could
be the reason why the intensity of the upwelling index becomes weaker during the summer in
Core 2. DiMarco et al. (2000) have proposed that the summer upwelling is associated with the
wind favorable upwelling. However, they did not exclude coastal circulation contributions.
In this study, we highlighted the presence of two separate upwelling cores south of Mada-
gascar. The first core on the eastern side, inshore of the EMC, is associated with a dynamic
upwelling driven by the detachment of the current, and upwelling favorable winds. The second
core, more variable, is located west of the southern tip of Madagascar. While it is primarily
forced by upwelling favorable winds, the intrusion of warm water from the Mozambique Chan-
nel may cause deviations from the seasonally wind driven upwelling cycle. The origin, nature
and potential impact of warm water intrusions along the south-west shores of Madagascar are
investigated in the next chapter.
Chapter 5
The South-west MAdagascar
Coastal Current and the
upwelling
This chapter is based on the work published as:
Ramanantsoa, J.D., Penven, P., Krug, M., Gula, J. and Rouault, M., 2018. Uncovering a New
Current: The Southwest MAdagascar Coastal Current. Geophysical Research Letters, 45(4),
pp.1930-1938. Doi: 10.1002/2017GL075900.
5.1 Introduction
The ocean circulation in the south-western Indian Ocean plays an important role in the return
loop of the global overturning circulation (Gordon & Fine 1996, Talley 2013). In the south-west
Indian Ocean, the South Equatorial Current separates in two branches against the east coast of
Madagascar (de Ruijter et al. 2004). The northward branch, the North Madagascar Current,
bifurcates again along the African continent and forms a poleward flow in the Mozambique
channel dominated by large anticyclonic rings (Ullgren et al. 2012), with an estimated mean
southward transport of 14 Sv (de Ruijter et al. 2002). The southward branch becomes the
East Madagascar Current (EMC), transporting 20 Sv southward along the south-east coast of
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Madagascar until the southern tip of the island (Ponsoni et al. 2016). Both southward flows
are feeding the Agulhas Current system, contributing to the global overturning circulation.
The oceanic circulation around Madagascar is currently not completely understood due to
limited oceanographic campaigns and ocean dynamics studies. In a recent investigation of the
upwelling structure at the southern tip of Madagascar, Chapter 4 reported that a significant
amount of upwelled waters were not directly coming from the EMC but from the Mozambique
Channel, following an alongshore poleward path at the south-west of Madagascar. This could
be explained by the presence of a mean poleward warm surface current along the south-west
coast of Madagascar, investigated in the current chapter.
Surface poleward flows along the west coasts of continents are rare in the subtropical lat-
itudes. These include the Leeuwin Current, the Navidad Current and the Davidson Current.
The Leeuwin Current is a permanent warm poleward flow along the west coast of Australia
(Cresswell & Golding 1980) with a mean transport of 3.4 Sv (Feng et al. 2003). It flows against
strong southerly winds, which regulate its seasonal intensities with a minimum transport in
February and a maximum in June (Furue et al. 2017). The Leeuwin current also exhibits
an inter-annual variability associated with El Niño-Southern Oscillation (ENSO) (Furue et al.
2017). The Navidad Current is a non-permanent warm surface current flowing northward, par-
allel to the shelves of Portugal and north-west Spain, and often observed during the Christmas
period (Le Hénaff et al. 2011). The Davidson Current is also a non-permanent poleward surface
current which is part of the California Current System along the west coast of North America
(Lynn & Simpson 1987). Throughout fall and winter, the Davidson Current develops as a
coastal counter current (Lynn & Simpson 1987).
In comparison to these well-documented currents, no studies have as yet revealed the ex-
istence of a poleward flow along the west coast of Madagascar in the different sketches of the
surface circulation of the Indian Ocean (Schott & McCreary 2001, Schott et al. 2002, 2009).
Tomczak & Godfrey (2013) even report possible events of an equatorward continuation of the
EMC along the western flank of Madagascar (see their Figure 11.10). The only hint of a mean
surface poleward flow west of Madagascar is that inferred from the dynamic topography map
and model velocities at 46 m presented by Schott et al. (2009) (see their Figure 5 a and b).
Here, using in-situ and satellite observations as well as model data analyses, we show that a
mean poleward warm surface current is present along the south-west coast of Madagascar: the
South-west MAdagascar Coastal Current (SMACC). Then, we investigate the spatial extent,
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transport pathways, and variability of the SMACC, and the mechanism responsible for its
occurrence. The outline of the chapter is organised as follows: Subsection 5.2 details all datasets,
model setup and methods used, Subsection 5.3 presents the results. Lastly, Subsection 5.4
provides an interpretation of the findings and summarises the main results.
5.2 Data, model and methods
SADCP (Shipboard Acoustics Doppler Current Profiler) current measurements were collected
during four consecutive years of research cruises between 2007 and 2010 in the Mozambique
Channel. SADCP data are used to confirm the direction and intensity of the flow south-west
of Madagascar. Conductivity, Temperature and Depth (CTD) profiles, collected from cruises
are also used to identify which water masses make up the SMACC. Details of cruise tracks are
given in the Table 5.1 here below.
Table 5.1: Description of in-situ data used in this study together with the associated dates, vessels
and research cruises
Data used Code Vessel Cruise name Date
SADCP 260 R.V. Antea MESOP 2010 07-04-2010/08-05-2010
CTD 260 R.V. Fridtjof Nansen ASCLME 2009 09-08-2009/16-08-2009
SADCP 260 R.V. Fridtjof Nansen ASCLME 2009 09-08-2009/16-08-2009
SADCP 300 R.V. Fridtjof Nansen ASCLME 2008 24-08-2008/07-09-2008
SADCP 340 R.V. Algoa ACEP 2007 10-09-2007/23-09-2007
SADCP data are used to confirm the direction and intensities of the southward flow at the
south west of Madagascar. Conductivity, Temperature and Depth (CTD) profiles, collected
from cruises operated in the region (Table 5.1) are also used to identify which water masses
make up the SMACC.
The Multi-Scale Ultra-High Resolution (MUR) sea surface temperature (SST), provided on
a 0.011◦ spatial grid (Vazquez-Cuervo et al. 2013), is used to determine the surface signature
of the SMACC.
The surface displacements from the Argo-Based Deep Displacement Dataset (ANDRO)
(Ollitrault & Rannou 2013), averaged over 2 degree bins to retain enough observations, are
used to compute mean surface velocities.
Trajectories of all available surface drifters encountered south-west of Madagascar are col-
lected from the Global Drifter Programme database (http://www.aoml.noaa.gov/envids/
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gld/krig/parttrk_id_temporal.php).
We used the outputs of a two way nested configuration of the Coastal and Regional Ocean
Community model (CROCO) (Debreu et al. 2012, Shchepetkin & McWilliams 2005). The
model was run over 1993-2014 and has a 112 degree horizontal resolution. The model surface
conditions are derived from the ERA Interim atmospheric reanalysis (Dee et al. 2011). The
lateral boundary conditions are forced by the GLORYS ocean reanalysis (Ferry et al. 2012). A
complete description and evaluation of the configuration are shown in Chapter 3. Lagrangian
simulations are also undertaken to advect water parcels following the code described in Gula
et al. (2014).
We tested the influence of the wind stress curl on the mean poleward flow using a Sverdrup
relation (Sverdrup 1947) forced by the SCOW climatology of wind stress curl (Risien & Chelton





where v is the meridional velocity in a surface layer of depth H0 (m), k is the unit vector in the
vertical direction, β is the meridional gradient of the Coriolis parameter, ρo is the mean water
density (1025 kg m−3), τ (N m−2) is the wind stress. Results are compared with the mean
circulation computed from the CROCO model outputs averaged over the same depth (Ho).
5.3 Results
5.3.1 Horizontal structure of the SMACC
A significant amount of upwelled water south of Madagascar is coming from the Mozambique
Channel (Figure 5.1a). Based on the result found in Chapter 4, the backtracking Lagrangian
particles analyses revealed that 81 % of particles followed consistent pathways along the south-
west coast of Madagascar before reaching the upwelling cell, while 19 % arrived from the
EMC. This suggests the presence of a mean poleward current along the south-west coast of
Madagascar, the SMACC.
The SMACC is present in the model and observations (Figure 5.1c and Figure 5.1d). Its
signature is visible in SST as a warm tongue of water extending southward along the coast.
The warm tongue starts in the vicinity of 22◦S in the north and extends southward to 25.5◦S.
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The average surface temperature of this warm flow ranges from 27.2◦C upstream to 25.1◦C
downstream. This water appears to originate from the warm surface waters present in the
Mozambique Channel further north (Halo et al. 2014). The downstream temperature is cooler,
probably as a result of air sea interactions and/or mixing with colder upwelled coastal water
and waters pumped by cyclonic eddies south of Madagascar (Ridderinkhof et al. 2013).
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Figure 5.1: a- Inter-annual distribution of origin (small stars) and tracks (grey lines) of Lagrangian
particles seeded in the upwelling cell south of Madagascar (box in black) and backtracked for 2 months,
over the period of 2003-2013. The dotted rectangle shows the region of interest, south-west of Mada-
gascar. Dashed lines show 500 m and 1000 m isobaths. b- Trajectories of all available surface drifters
within the Global Drifter Programme database (Lumpkin & Pazos 2007) passing in the south-west of
Madagascar. c- Mean SST and surface currents (arrows) from the model over the period 1993-2013.
d- Mean SST from MUR satellite product over 2003-2015 and mean surface currents (arrows) derived
from ANDRO surface displacements covering the period from 1995 to 2016 (Ollitrault & Rannou 2013).
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Mean observed currents derived from the ARGO floats surface displacement (ANDRO)
(Ollitrault & Rannou 2013) show a clear alongshore southward flow toward the southern tip of
Madagascar. Trajectories of all available drifters extracted from the Global Drifter Programme
database (Lumpkin & Pazos 2007) passing in the region of the SMACC also show directions
and pathways consistent with the presence of the SMACC (Figure 5.1b). Chronologies of these
drifters are recapitulated in Table 5.2 here below.
Table 5.2: Time periods corresponding to drifters passing the SMACC region, through the rectangle
in Figure 5.1 (lat: 19◦S - 27◦S ; lon: 41◦E - 46◦E)
Number of drifter Period
Drifter 17444 03/01/2001 - 02/02/2001
Drifter 18969 24/11/1997 - 15/02/1998
Drifter 20591 13/09/2002 - 17/02/2003
Drifter 45978 16/09/2005 - 15/12/2005
Drifter 57970 10/01/2007 - 03/03/2007
Drifter 70960 05/03/2009 - 31/03/2009
Figure 5.2 shows geostrophic velocities derived from 4 different mean dynamic topographies
RIO 2005 (Rio & Hernandez 2004), CLS 2009 (Rio et al. 2011), CLS 2013 (Rio et al. 2014)
and Maximenko 2015 (Maximenko et al. 2009), and the ARGO-based surface mean displace-
ment (Ollitrault & Rannou 2013). Although similarities can be found between the different
mean circulations, some disparities are observed in our region of interest. The structure of the
SMACC is clearly defined in CLS 2009, Maximenko 2015 and the ARGO float displacement
(ANDRO) datasets. Velocities derived from CLS 2009, Maximenko 2015 and ANDRO appear
to be relatively similar. All products depict a poleward flow along the south-west coast of
Madagascar. Velocities derived from RIO 2005 and CLS 2009 show a weak poleward current
along the coast of Madagascar south of 25◦S, but do not resolve any current north of 25◦S.
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Figure 5.2: Mean geostrophic currents derived from different mean dynamic topographies: RIO-2005
a- (Rio & Hernandez 2004), CLS-2009 b- (Rio et al. 2011), CLS-2013 c- (Rio et al. 2014), d- (Maximenko
et al. 2009), and from ARGO floats surface displacement f- (Ollitrault & Rannou 2013).
Mean geostrophic currents derived from different mean dynamic topography products also
hint to the presence of the SMACC, albeit with differences in their representation of the current
close to the coast.
The model highlights a contribution to the SMACC coming from the north (Figure 5.1c),
which is less evident in observations. This difference can also be noticed in the model SSTs
(Figure 5.1c) which are slightly higher than remotely sensed SSTs between 19◦S and 22◦S
(Figure 5.1d). However, both model and satellite observations are in agreement from 22◦S to
25◦S and show an alongshore propagation of the SMACC. The SMACC has averaged surface
speeds between 20 cm s−1 and 30 cm s−1. Based on the warm tongue and currents vectors
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plotted in Figure 5.1c, 5.1d, the SMACC is approximately 500 km long with a width less than
100 km.
The presence of the SMACC is confirmed by the near surface current measurements collected
from SADCPs at 20 m depth (uppermost data measured) during different cruises (Figure 5.3).
The first two SADCP transects a, b were made in 2007 and indicate a broad southward surface
current. The sea surface height contours taken at the same time show that the strong southward
currents visible offshore (more than 50 km from the shelf) at transects a and b are due to the
presence of a cyclone on the west and an anticyclone on the south-east. A local jet-like signature
corresponding to the SMACC can be seen off the shelf edge within 50 km from the coast (see
red arrows in Figure 5.3). Geostrophic velocities derived from the sea surface height of Figure
5.3 do not show any current close to the coast (not shown). The SADCP transect c was
collected in 2008 (Figure 5.3). Transect c also depicts a southward flow off the shelf edge. The
velocity maximum about 80 km away from the shelf corresponds to the currents associated
with a cyclonic eddy. The signature of the SMACC is visible as a weaker southward flow (≈
15 cm s−1) over the shelf. The SADCP transects d, e, f and g were made in 2009. They show
a southward flow within 50 km from the coast with an averaged velocity of 30 cm s1. While
these SADCP sections only provide a few snapshots of the circulation, which do not necessarily
correspond to the mean circulation, they still provide growing evidence of the existence of the
SMACC.
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Figure 5.3: Top left column: Transects of Shipboard ADCP (SADCP) collected during ACEP 2007
oceanographic cruises (Table 5.1). Transects a and b were collected on 13 - 14/09/2007 on board
the R.V. Algoa; c was collected on 26 - 28/09/2008 during ASCLME 2008 cruise on board the R.V.
Fridtjof Nansen. Arrows show the direction and intensities of the measured near surface currents (20
m) for a, b while c is represented from the existing data closest to the surface. Red arrows represent
the SMACC. Contours depict CLS AVISO sea surface height for the period of each cruise and at the
same date. Bottom left column: Transect d, e, f and g show Shipboard ADCP (SADCP) collected
during ASCLME 2009 cruise on board the R.V. Fridtjof Nansen from 26/09/2009 to 04/09/2009 (see
Table 5.1). Right column: Vertical sections of meridional velocities (cm s−1) across the transects. The
0 values are represented by the black contours and the missing values by blank patches. The x-axis
refers to the offshore distance [km] from the coast.
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5.3.2 Vertical structure of the SMACC
Modelled vertical cross-sections of the time-averaged flow across transects d, e, f and g are
presented in Figure 5.4 (left) to characterise the vertical structure of the SMACC. At transect
d (20.4◦S), the SMACC consists in a weak poleward flow extending from the surface to 150
m depth and from the coast to 100 km offshore. Further south, along transects e (22◦S)
and f (23.7◦S), the SMACC is deeper with larger velocities. The SMACC is most intense near
transect f, with velocities reaching 25 cm s−1. Between transects f and g, the SMACC decreases
in strength and becomes shallower. Observed vertical structure at transect e and f (Figure 5.3)
corroborates with the vertical cross-sections from the model. At transect g the observed flow is
weaker and shallower in agreement with the modelled sections. Furthermore, an equator-ward
undercurrent is visible below the SMACC in the model and observations along this transect
(Figure 5.3g).
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Figure 5.4: Left column: Vertical cross-sections of annual mean modelled northward velocities (cm
s−1) in the SMACC across transects d to g shown in Figure 2. Negative speeds indicate a southward
flow associated with the SMACC. Right column: Seasonal variations of mean northward velocities (cm
s−1) accross transect f.
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The location where the SMACC velocities are maximum, near transect f, is selected to
illustrate seasonal variations in the SMACC meridional velocities (Figure 5.4). While the width
and depth of the SMACC do not significantly change throughout the year, the SMACC is
stronger in summer (OND-JFM) than in winter (AMJ-JAS). Maximum current velocities in
the SMACC of about 20 cm s−1 and 25 cm s−1 in OND and JFM are reduced to 10 cm s−1
and 15 cm s−1 in AMJ and JAS. The annual volume transport across this transect is 1.3 Sv
(106 m3s−1) with seasonal maxima of 1.6 Sv and 2.1 Sv during the warm season (OND and
JFM) and minima of 0.9 Sv and 0.7 Sv during the cool season (AMJ and JAS). Transports were
calculated across Transect f (Figure 5.3), integrated horizontally between 43◦E and 43.7◦E and
down to 250 m depth. Frequent occurrences of eddies south of Madagascar result in a large
variability of the SMACC (Figure 5.7 bottom), as seen also during the ASCLME 2008 cruise
(Figure 5.3).
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Figure 5.5: Temperature-Salinity (TS) diagram from conductivity, temperature, and depth measure-
ments collected as part of the ASCLME cruise of 2009 (Table 5.1) and along the transects shown in
Figure 5.3. Bold solid lines highlight the range of potential densities associated with the SMACC.
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Temperature and salinity (TS) diagrams (Figure 5.5), from vertical profiles using CTD data
collected during 4 transects in 2009 (Table 5.1), show that water properties of the SMACC
correspond to Subtropical Surface Waters (SSW) (Donguy & Piton 1969, Wyrtki 1971, Sætre
& Da Silva 1984).
5.3.3 Forcing of the SMACC
To address the physical process generating the SMACC, we compare mean meridional velocities
from the model with predictions from the Sverdrup relation 5.1 in Figure 5.6. Both velocities
have in common a region of poleward flow along the western Madagascan coastline with merid-
ional velocities higher than 8 cm s−1. The lack of QuikSCAT observations near the coast due
to land contamination prevents us from computing the Sverdrup circulation there, but the pat-
terns are fairly similar between the model solution and this simple relationship. The bending
of the trade winds around the southern tip of Madagascar results in a large cyclonic wind stress
curl (especially in January, see the Figure 6 by Risien & Chelton (2008)), forcing a poleward
flowing surface current.
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Figure 5.6: Forcing of the SMACC: (a) Contour plots of meridional velocities averaged over the upper
50 m of the CROCO model outputs and (b) meridional velocities calculated from the Sverdrup relation
and using QuikSCAT winds. Labels on the contour line show the magnitude of the meridional velocities
in (cm s−1) with darker shades of grey marking regions of increasing meridional velocities.
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5.4 Discussions and Conclusion
Cruise datasets, satellite observations and analyses of a model output are exploited to reveal the
existence of a warm coastal current with a volume transport comparable to that of the Leeuwin
current (Furue et al. 2017): the SMACC. The SMACC is a poleward current which flows along
the south-western shores of Madagascar. It flows from 22◦S to the southern-most part of the
island near 26◦S. The average length of the SMACC is about 500 km and its average width is
between 50 and 100 km. The SMACC is a warm surface current, which extends over the upper
150 m of the water column upstream and becomes shallower (around 70 m) downstream. The
water masses of the SMACC have high salinities characteristic of Subtropical Surface Waters.
The average surface speed is around 20 cm s−1 with an enhancement in the vicinity of Toliara
at around 23.5◦S (transect f on Figure 5.4). The average volume transport is 1.3 Sv. The
SMACC exhibits a seasonal variability with more intense velocities during the warm season
(OND-JFM) and a weakening during the cool season (AMJ-JOS). The mechanism driving the
SMACC can be explained by Sverdrup dynamics forced by cyclonic wind stress curl induced
by the bending of the trade winds. The intensity of this surface current is highly related to the
magnitude of the winds. The core of the SMACC is intensified at 24◦S due to the enhancement
of the wind stress curl south west of Madagascar. In addition, cyclonic eddies generated at
the south of Madagascar (Halo et al. 2014) could also contribute to the intensification of the
southern part of the SMACC (as seen during the ASCLME 2008 cruise, Figure 5.3).
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Figure 5.7: Top: Annual variations of wind stress curl (N m−3s−1) (black solid line), SMACC’s
surface speed (cm s−1) (dashed black line), coastal upwelling index (dashed grey line) and Chlorophyll-
a concentration (mg m−3) for the upwelling cell. Bottom: time series of modelled meridional velocities
averaged over the first 150 m, representing the SMACC across transect f.
The upwelling-related processes in the south of Madagascar are influenced by the SMACC,
as highlighted by virtual particles Lagrangian simulations (Figure 5.1a). Intensification of wind
stress curl could also favour the intrusion of the SMACC toward the upwelling system. Chapter
4 pointed out that the intrusion of warm waters from the Mozambique Channel could reduce
the upwelling surface signature during summer. Figure 5.7 shows that the annual cycle of the
upwelling index (CUI) defined in Chapter 4 is anticorrelated with the wind stress curl and the
SMACC surface speed. This suggests that the intensification of the wind stress curl enhances
the SMACC, which brings warm water, reduces the surface signature of the upwelling south of
Madagascar, and influences the phytoplankton response associated with the upwelling.
SADCP observations also show the presence of a countercurrent (equatorward) below the
SMACC (below 300 m depth) between 24.5◦S and 25.5◦S (Figure 5.8). Figure 5.3 and 5.4
provides evidence of this undercurrent, seen in observations and model solutions.
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Figure 5.8: (left) Arrows are surface current directions and intensities measured using Ship-board
mounted ADCP during the MESOP 2010 research cruise (Table 5.1). Contours are sea surface height
from CLS AVISO averaged during the transect period from 05/05/2010 to 07/05/2010. (right) Vertical
section of meridional velocity from the cruise transect shown in the left panel. Black lines represent
the zero contour for the meridional velocities.
Uncovering the existence of the SMACC brings new understanding for biological and fisheries
related management, which is an important socio-economic component (Pripp et al. 2014,
Bemiasa 2009). Knowledge of the pathway of the SMACC will improve our understanding of the
coastal connectivity and lead to better fisheries and ecosystem management. This introduces a
prominent process affecting the diffusion and distribution of biological species (Shrimp, lobster,
small pelagic fish, mangrove, etc.) that will need to be taken into account for the management
and emplacement of an eventual marine protected zone.
? have also addressed the contribution of the south-west of Madagascar waters to the
regional circulation. They highlighted a long-term exchange between the southern Mozambique
Channel off Toliara (Figure 5.1), and the Agulhas Current core. They found a correlation
between coral records and the Agulhas SST reconstruction for the past 334 years, showing a
link between the transport of warm water from south-west of Madagascar and the Agulhas





Previous Chapters of this study (Chapter 4, 5) have explained that the coastal upwelling south of
Madagascar is subjected to multiple forcing affecting the strength of the upwelling cells defined
as Core 1 and Core 2. Based on a seasonal variability study (Chapter 4), Core 1 is primarily
forced by the East Madagascar Current (EMC) but reinforced by wind-driven upwelling, while
the Core 2 is predominantly forced by the along-shelf wind stress but also influenced by the
South-west Madagascar Coastal Current (SMACC) (Chapter 5). Although the ocean currents
influence predominantly the upwelling, seasonality of the upwelling is forced predominantly the
upwelling by the winds. We expect that inter-annual variations in the upwelling will be driven
mostly by the ocean currents with a remaining influence of the wind stress. The understand-
ing of the upwelling inter-annual variability will require a thorough knowledge of the origins
and mechanisms regulating the EMC and SMACC. In addition,the EMC and the SMACC are
connected to the large scale circulation in the south-west Indian Ocean (Wyrtki 1973, Nauw
et al. 2008, Palastanga et al. 2006) and there is a possibility that they are impacted by climate
mode oscillations (Yamagata et al. 2004), such as El-Niño Southern Oscillation (ENSO), Indian
Ocean Dipole (IOD), and Subtropical Indian Ocean Dipole (SIOD).
While we have established in Chapter 4 and 5 that EMC and the SMACC are strong drivers
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influencing the coastal upwelling, little is known about their inter-annual variability. Char-
acterising the variability of the EMC and SMACC, including their respective forcing, should
explain the inter-annual variability of the upwelling in Core 1 and Core 2.
Very limited literature addressed the inter-annual occurrence of the upwelling and ocean
currents south of Madagascar. Ho et al. (2004) investigated inter-annual variations of the
Chlorophyll-a concentration using Ocean Colour satellite product. Ho et al. (2004) found that
winter 1999 and summer 2001 were associated with abnormally low levels of Chlorophyll-a
concentration. This contribution is important but we don’t know yet if it was applicable for
upwelling cells, Core 1 and Core 2. The analysis of Ho et al. (2004) only looked at Chlorophyll-
a concentration and might not reflect all of the processes linked to the upwelling variability.
Inter-annual variability of the upwelling still remains unclear and the global climate oscillation
effects upon the upwelling are still unknown.
This chapter seeks to provide understanding of the inter-annual variability of the coastal up-
welling south of Madagascar and to identify the possible causes of changes at inter-annually time
scale. For that purpose, we will use satellite observations and ocean numerical model. Based
on Chapter 4 and Chapter 5, the upwelling is strongly influenced by EMC and SMACC. Iden-
tifying the inter-annual variability of the EMC and SMACC could be a clue to understand the
inter-annual variability of the coastal upwelling. Possible teleconnection with regional and/or
global climate oscillation could also explain the inter-annual upwelling-related changes over the
last 35 years.
This work is outlined as follows: section 2 describes the data, ocean model and methods
used, section 3 describes the results and section 4 discusses and summarises the main findings
of this study.
6.2 Data, model and methods
The study used the model output described in Chapter 4. The model is a two way nested
configuration of the Coastal and Regional Ocean Community model (CROCO) (Debreu et al.
2012, Shchepetkin & McWilliams 2005). The model output has a 112 degree horizontal resolu-
tion and covers the period from 1993 to 2013. A complete description and evaluation of the
configuration is provided in Chapter 3 and 4 (Figure 3.8, 3.7, 5.2, A.6).
In this study, we use the upwelling index computed in Chapter 4 (Equation 4.2) which
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measures the surface temperature signature induced by the upwelling. This upwelling index is
used to investigate the inter-annual variability of upwelling intensity. A 35 year long time-series
of the upwelling index is built by combining the 4km AVHRR-Pathfinder SST (Version 5.0)
available over the 1981-2009 period (Casey et al. 2010) to the MUR SST which is available on a
1km resolution grid and over the 2003-2017 period (Figure 3.4, A.1). The purpose of extending
the SST upwelling index was to better resolve inter-annual variability in the upwelling cells of
Core 1 and Core 2.
The upwelling index is compared with the El Niño-Southern Oscillation (ENSO), the Indian
Ocean Dipole (IOD) and the Subtropical Indian Ocean Dipole (SIOD) indices. The monthly
means of the NINO3.4, Indian Ocean Dipole index (Dipole Mode Index) and Subtropical Indian
Ocean Dipole index time series are collected from KNMI Climate Explorer (http://climexp.
knmi.nl/data/). The IOD index is calculated from SST anomaly difference between the west
(50◦E to 70◦E and 10◦S to 10◦N) and eastern (90◦E to 110◦E and 10◦S to 0◦N) of the Indian
ocean (Ashok, Chan, Motoi & Yamagata 2004). The SIOD Index is the difference in SST
anomaly between a western region located south of Madagascar (55◦E to 65◦E, 37◦S to 27◦S)
and an eastern region in the vicinity of Australia (90◦E to 100◦E,28◦S to 18◦S) at the tropical
level (Behera & Yamagata 2001). The ENSO index (NINO3.4) is based on SST anomalies
captured from the Niño Region 3.4, bounded by 120◦W to 170◦W and 5◦S to 5◦N (Trenberth
1997).
Figure 6.1a shows the mean ocean circulation east of Madagascar where the South Equato-
rial Current (SEC) bifurcates and its southern branch, the EMC, propagates southward along
the Madagascan coast (Chapman et al. 2003, Ponsoni et al. 2016). Based on Chen et al. (2014),
we consider that changes in the SEC strength and bifurcation location could impact the EMC.
Therefore, we conduct an analysis to measure the SEC bifurcation position. The SEC bifurca-
tion position is the latitudinal position of the meridional velocity equal to zero during separation
between the northward and southward branches, integrated over the first 1000 m depth (Figure
6.1b), along the coast between 13◦S and 20◦S (Figure 6.1a) at the 51◦E.
The mean offshore extent of the EMC is also considered to characterise the width of the
current. We measure the position of the border limit of the EMC at 22◦S represented by the
bold line in Figure 6.1c. The longitudinal mean offshore extent is integrated over the 1000 m
and averaged yearly during the period of 1993 to 2013.
The integrated volume transport is also calculated at 22◦S over the first 1000 m depth.
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With the view to measure the bottom Ekman transport which can lead the upwelling in Core
1, the cross-shore transport in the near bottom layer is estimated using the along-shore bottom










Equation 6.1 is the linear bottom stress (τb) formula. Where, ub, vb are current velocity
near bottom floor, Cd is the drag coefficient with Cd = 0.001 based on Perlin et al. (2005), with
the similar study in Schaeffer et al. (2014). In equation 6.2, Ekb is the approximation of the
Ekman dynamic associated with the along-shore bottom stress τb, divided by the Coriolis term
f .
The bottom Ekman transport is averaged over the polygon surrounding the high bottom stress
in vicinity of 24.5◦S (Figure 6.1c). The bottom Ekman transport is computed using the model
solution velocity component.
The study also investigates the inter-annual variations of the SMACC characteristics and
link with the upwelling cell Core 2. The volume transport of the SMACC at 25◦S (Figure 6.2a in
green), integrated over the 100 m depth, is computed for measuring the inter-annual connection
between the SMACC southern extension flux and the upwelling index in Core 2. Figure 6.2b
shows the vertical section of the meridional velocity representing the southern extension of the
SMACC at the 25◦S transect. The mean depth of the SMACC is measured from the mean
depth zero meridional velocity contour (0 cm s−1), between 43.4◦S and 43.75◦S represented in
bold line at the Figure 6.2b. The inter-annual oscillation of the mean depth of the SMACC is
used to characterise its vertical position over years.
The eastward (u) and northward (v) components of the 10 m winds from the reanalysis Drakkar
Forcing Set 5.2 (DFS5.2) (Dussin et al. 2016), are used to compute the wind stress over the
1985-2015 period which has a 0.7◦ grid spatial resolution. The reanalysis DFS5.2 wind data
is chosen because of the long period of recorded data suitable for investigating inter-annual
variability, and DFS5.2 is the most recent atmospheric reanalysis which improves on ERA-
interim (Dussin et al. 2016). The wind data is used to calculate the curl of the surface wind
stress, τcurl = δτv/δx− δτu/δy (with eastward surface stress (τu) and northward surface stress
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(τv), in the rectangle area selected in Figure 6.2.
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Figure 6.1: a- Mean geostrophic surface current (cm s−1) derived from the model solution showing
the SEC and EMC. b- Vertical section of the mean meridional velocity (cm s−1) taken at the green
transect in (a). Bold line is the South Equatorial Current bifurcation. c- Vertical section of the mean
meridional velocity (cm s−1) taken at the red transect in (a). Bold line indicates the limit position of
the EMC at latitude 22◦S. d- Near bottom stress of the velocity (cm2 s−1) using the model solution.
Polygon in dotted-line contours the potential shelf-edge upwelling.
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Figure 6.2: a- Mean geostrophic surface current (cm s−1) derived from the model solution showing
the SMACC. The rectangle is the area selected to calculate the wind stress curl. b-Vertical section of
the meridional velocity (cm s−1) at the southern extension of the SMACC at 25◦S (Dotted line coloured
in green). Contours are every 2 cm s−1. Black bold line at zero isoline indicates the section measured
for representing the depth (m) of SMACC between 43.4◦E and 43.7◦E.
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6.3 Results
6.3.1 Inter-annual variation of the upwelling
The yearly average of the upwelling index is computed over the 1982 to 2016 period. Figure
6.3 illustrates the inter-annual variation of the anomalous upwelling index in Core 1 and Core
2. The seasonality dominating the upwelling (seen in Chapter 4) was removed to detect the
exceptional occurrence of the upwelling at inter-annual time-scale.
In Figure 6.3a, the standard deviation of upwelling index anomaly in Core 1 reaches 0.06 which
is represented by the dotted-lines. The upwelling inter-annual intensities are categorised into
three different occurrences. The values below the negative standard deviation (-0.06), coloured
in red, depict weak upwelling. Grey bars show regular upwelling. The values above the positive
standard deviation (0.06), coloured in green, are qualified as strong upwellings at inter-annual
time scale.
Figure 6.3a reveals that the periods from 1986 to 1988, from 1995 to 1996, in 2007 and in 2011
were periods of weak upwelling, while the upwelling was strong during the following years: 1990,
1993, 1994, 2000 and 2001. The rest of years in the time series, the upwelling has a regular
strength (between the positive and negative standard deviation).
The highest upwelling intensity was found in the year 2000 with an anomaly of 0.14, while
the lowest upwelling was recorded in 1998 and 2007, when both anomalies reached the -0.1 of
intensity.
Core 2 anomalous upwelling index is shown in Figure 6.3b. The standard deviation of
the anomaly is 0.057. Results reveal that the upwelling index anomaly exceeded the standard
deviation in 1982, 1990, 1991, 1994, 2008, 2009 and 2013. And Core 2 appears weaker in 1989,
1992, 2004, 2006 and 2007.
It is noticed that the upwelling intensities from 1995 to 2007 were below the average (average
from the signal before the anomaly: 0.22), while the upwelling intensities remain intermittently
above the average from 2008 to 2014.
Figure 6.3 also shows the inter-annual variability of the wind stress anomaly in each Core
(in 101 m2 s−1) overlaid on the upwelling index. The winds stresses vary similarly but the wind
stress in Core 2 is more intense. The linear relationship between upwelling index and wind
stress is tested to highlight the inter-annual contribution of the wind stress anomaly inducing
inter-annual variability in the upwelling. Correlation factor between wind stress and anomalous
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upwelling index for Core 1 is 0.21 and for Core 2 is 0.34, both are statistically significant at
95%. This result is aligned with the findings of Chapter 4, where Core 2 was shown to be more
strongly influenced by the winds than Core 1.
Despite the correlation found here above, it is noticed for Core 2, high wind stress in some years
(1984, 1987, 1988, 1999, 2003) does not imply an intense upwelling. This can be attributed to
the ocean currents’ influence on the upwelling.
Figure 6.3 reveals that abnormal upwelling index anomalies are not explained by the changes
induced by the anomalous wind stress in each Core at inter-annual time scale. In other words,
the inter-annual variability of the wind stress contributes less to the inter-annual variability
of the upwelling. Hence, linking the inter-annual variability of the ocean currents with the
upwelling indices should explain the major inter-annual variability of the upwelling.
Based on these results, there is a need to further investigate the inter-annual variability of
the ocean circulation which seems to contribute significantly to the upwelling inter-annual
variability.
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Figure 6.3: Inter-annual variability of upwelling index based on SST. a- Inter-annual anomaly de-
trended of the upwelling index in Core 1. b- Inter-annual anomaly de-trended of the upwelling index
in Core 2. For each subplot, dotted-lines are the positive and negative standard deviations of the
anomaly. Green bars are the value of upwelling index reaching beyond the positive standard deviation.
Red bars are the value of upwelling index reaching beyond the negative standard deviation. Grey bars
belong to the normal upwelling intensities. Bar plots in black dotted line (a and b) are the inter-annual
variability of the wind stress anomaly in each Core using DFS5.2 reanalysis wind product. The unit of
the wind stress anomaly applied here is 101 m2 s−1 with the aim to overlap the wind stress on top of
the upwelling index.
6.3.2 Linking inter-annual variation of EMC and SMACC with the
upwelling
6.3.2.1 EMC contribution to inter-annual variation of Core 1
With the view to characterise the inter-annual variability of the EMC and its interaction with
the continental shelf, we analyse the inter-annual variability of the EMC southern extension.
Figure 6.4 shows the results of inter-annual characteristics of EMC using the model solution.
In Figure 6.4a, the SEC bifurcation position integrated over the first 1000 m is located between
19.97◦S and 17.31◦S. The mean position is 18.38◦S, which is coherent with Chen et al. (2014)
during the seasonal shifts in the location of the SEC bifurcation, estimated from the World
Ocean Database and satellite altimeter observations. The inter-annual variation of SEC bifur-
cation is located abnormally far north, near 17.35◦S, reaching beyond the standard deviation
(0.6 degree grid) in 1994, 1999 and 2004. In 2000, we notice a location of the bifurcation, with
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a mean position near 19.9◦S.
Figure 6.4b shows the southward volume transport of the EMC integrated over the first 1000
m of depth. The mean volume transport of the EMC at 22◦S is 18.3 Sv (1 Sv = 106 m3 s−1)
with a standard deviation of 7.1 Sv which is consistent with the results of Ponsoni et al. (2016).
The exceptional years with maximum values seen in Figure 6.4a also appear clearly in Figure
6.4b.
The inter-annual pattern explained in SEC bifurcation and EMC transport variations corre-
sponds to the EMC mean offshore extent variations shown by the Figure 6.4c.
The EMC hits an irregular topography structure and appears to detach from the coast
south-east of Madagascar at 24◦S (Figure 6.1a). At this latitude, the EMC detachment ap-
pears to be associated with a cold water signature and high concentration of Chlorophyll-a
(Chapter 4, Appendix A.4). This suggests that the interaction between EMC and bottom to-
pography structure increased bottom friction against a widening shelf and associated with an
increased Ekman veering near the sea bed which intensifies upwelling. Chapter 4 has identified
potential section of coastline favourable for wind-driven upwelling south of Madagascar where
the upstream detachment of EMC did not figure as a favourable coastline orientation. On the
other hand, alongshore bottom stress calculated from model solution (Figure 6.1d) indicates an
important stress which could favour an Ekman bottom transport. Hence, shelf-edge inducing
upwelling and bottom Ekman transport should be the main mechanisms forcing vertical motion
at 24◦S. Figure 6.4d shows the inter-annual variability of the bottom Ekman transport induced
by the near bottom stress velocity. Interestingly, the variation of the bottom Ekman transport
is also linearly related with the SEC bifurcation and the EMC volume transport, respectively
with a correlation factor -0.74 and 0.84, statistically significant at the 95% level of confidence.
Results reveal that SEC variations significantly influences the inter-annual variation of the
EMC volume transport. It seems that more southward SEC bifurcation position associated
with increase of the EMC volume transport (Figure 6.4 a-b). The inter-annual variation of
the EMC position, represented by the mean offshore extent, seems also to be influenced by the
inter-annual variation of the SEC bifurcation. Related to that, the SEC bifurcation also appear
to regulate the inter-annual variation of the Ekman drift, calculated from the along-shelf bot-
tom stress, inducing uplift of bottom water over the topography in vicinity of 24.5◦S (Figure
6.4d).
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The inter-annual variation of the upwelling index based on SST appears to have a linear agree-
ment with the inter-annual variation of the Ekman drift, and to the SEC bifurcation calculated
from the model, respectively with correlation factor 0.53 and -0.34, statistically significant at
the 95% level of confidence.
This explains that the inter-annual variation of the upwelling cell in Core 1 is highly related
with the large-scale circulation inducing the variation of the SEC in the Indian Ocean.
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Figure 6.4: a- Inter-annual variation of SEC bifurcation integrated over the 1000 m depth using
the model solution. b- Poleward volume transport (Sverdrup) integrated over 1000 m depth at the
transect 22◦S (Red transect Figure 6.1) using the model solution. c- EMC position at the transect
22◦S (Red transect Figure 6.1) using the model solution. d- Ekman drift associated with the near
botton stress of the velocity using the model solution. e- Upwelling index anomaly based of SST from
satellite observation. For all subplots, dotted-lines indicate the mean and grey shade cover the standard
deviation of time series.
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6.3.2.2 SMACC contribution to inter-annual variation in Core 2
Inter-annual variations of the SMACC are investigated to test the inter-annual interaction be-
tween the SMACC and the inter-annual variation of the upwelling cell in Core 2.
The volume transport integrated over the first 100 m at the southern extension (mean depth of
SMACC at 25◦S the transect (Chapter 5)) is computed to characterise the inter-annual vari-
ability of the southern extension of the SMACC which is more connected with Core 2 (Chapter
5).
Figure 6.5a shows the inter-annual variation of the poleward volume transport of the SMACC.
The inter-annual variation of wind stress curl, inside the SMACC area (42◦E; 44◦E and 22◦S;
26◦S) (Figure 6.2), is calculated and illustrated in Figure 6.5b. The analyses suggest that the
observed cyclonic wind stress curl can lead to an intensification of the SMACC volume trans-
port at inter-annual time scale. The linear relationship between the volume transport and the
wind stress curl reveals a statistically significant correlation factor of up to -0.46. The result is
aligned and reinforces the finding of Chapter 5 which pointed out that the surface speed of the
SMACC is influenced by enhancement of the cyclonic wind stress curl during an annual cycle
study.
The highest and the lowest upwelling (Figure 6.5b) are associated with the wind stress curl
(Figure 6.3b). Increases in the SMACC volume transport, induced by wind stress curl inten-
sification, tend to reduce the upwelling index in Core 2. The linear relationship between the
SMACC volume transport and the upwelling index anomaly in Core 2 reveals a significant
anti-correlation equal to -0.29. There is a connection between the SMACC and the upwelling
intensity at inter-annual time scales, despite the weak correlation. Series of years highlighted in
red (Figure 6.5) characterise period when the intensification of cyclonic wind stress curl (Figure
6.5b) enhances the SMACC volume transport (Figure 6.5a) and induces a weak upwelling sur-
face signature (Figure 6.5c). On the other hand, the whole physical processes are not applicable
for certain years highlighted in green colour (Figure 6.5b). This is probably due to the presence
of cyclonic eddies, which being associated with the southern extension of SMACC explained in
Chapter 5 (Figure 5.2 in transect c), which may generate changes at inter-annual time scale.
As still little is known about the hydrography and water movements on the west coast of Mada-
gascar at inter-annually time scale, further observations and in-situ measurements are needed
to bright clarity to the inter-annual stability of the coastal current.
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Figure 6.5: a- Inter-annual variability of the southward integrated volume transport (Sverdrup) of
the SMACC over the first 100 m depth using the model solution. b- Inter-annual variability of wind
stress curl anomaly (N m−2 per 104 km) taken in the area 42◦E; 44◦ and 22◦S; 26◦S using DFS5.2
reanalysis wind product. c- Inter-annual variability of upwelling index anomaly based on SST from
satellite observation. Red colour bands select periods where the SMACC volume transport is enhanced
by the cyclonic wind curl and has a downstream impact on the upwelling cell Core 2 at inter-annually
time scale. Green colour bands highlight series of years where the intensification of SMACC is not
related with the cyclonic wind curl enhancement.
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6.3.3 Remote connection with climatic modes
The aim of this section is to investigate the link between upwelling inter-annual variations and
global/regional climate mode oscillations such as the SIOD, IOD and ENSO.
Figure 6.6 shows a linear lag-correlation between monthly anomalies of the upwelling index
and the monthly climate mode oscillation indexes dominating the Indian Ocean variability
which are the SIOD, IOD and ENSO. The black time series is the lag correlation between the
upwelling index and the SIOD index, while the red time series is the lag correlation with the
IOD index. The blue time series is the lag correlation between the upwelling index and the
ENSO index.
Both Core 1 and Core 2 are significantly related to the SIOD with a maximum correlation
found at less than one month lag (Figure 6.6). The upwelling is anti-correlated with the SIOD.
The correlation factor is more important in Core 2 (coefficient of correlation = -0.28) than in
Core 1 (coefficient of correlation = -0.16). This result explains that Core 2 is more exposed to
the SIOD than the Core 1.
The upwelling is favorable during negative phase of SIOD which is characterised by the cold
SST in the south-western part of Indian Ocean, in the vicinity of south Madagascar, and warm
SST in the vicinity of Australia, while the opposite occurs during the positive phase (Behera &
Yamagata 2001). During the negative phase, wind-evaporation-SST interactions explained by
(Feng et al. 2014) occur in the vicinity of south Madagascar. The enhancement of evaporation
to the south-west is followed by a cooling of SST which is associated with stronger winds in
the south-eastern edge of Indian Ocean (Behera & Yamagata 2001). As Core 2 is mainly wind-
driven upwelling, the anti-correlation highlighted in Figure 6.6 is linked with the variation of
the winds during the SIOD events.
Figure 6.6 also reveals that the IOD is positively correlated with the upwelling index in Core
2 with a positive lag equal at three months (coefficient of correlation = 0.2). Core 2 is linearly
linked with the positive IOD, where the tropical eastern Indian Ocean, in vicinity of Australia, is
cooler but the tropical western Indian Ocean is warmer, in vicinity of northern tip of Madagascar
(Marchant et al. 2007). On the other hand, Core 1 is not significantly affected by the IOD at
the same period.
The lag correlation with the ENSO seems to be weak in both Core (coefficient of correlation =
-0.15) but statistically significant. Both Cores appear to be influenced by the ENSO 12 months
after the ENSO event. At the same time lag, the IOD also seems to affect both Cores.
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The ENSO effect induces high anomalous SSTs in the entire Indian Ocean (Chambers et al.
1999). A rapid warming in the southern Indian Ocean caused variations of wind speed and
enhanced the latent heat flux (Yu & Rienecker 1999). This reduces the total wind speed and
diminishes the intensity of upwelling favorable winds. The variations in tropical SST and surface
wind fields associated with the ENSO event is the mechanism which affects the upwelling at
the south of Madagascar during the ENSO event.
Figure 6.6: Lag correlation of upwelling index anomaly for each Core with ENSO index (blue),
IOD index (red) and SIOD index (black). Cross-hatched and shaded area indicates non significant
correlation, below the 95% significance level. We note that signals are filtered in two months running
mean.
6.4 Discussions and conclusion
This work reveals that coastal upwelling south of Madagascar exhibits inter-annual variability
associated with ocean currents and large-scale Indian Ocean climate modes.
Inter-annual variations in Core 1 and Core 2 are different and independent from each other.
The anomalous upwelling index (Figure 6.3) varies differently in Core 1 and Core 2. Based on
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the upwelling index, upwelling in both Cores was strong in 1990 and 1994 and weak only in
2007. Figure 6.3 shows that both upwelling indexes varies differently between 1997 and 2002.
However, correlation factor between anomalous upwelling indexes reach 0.504 with a significant
level of 0.001.
Core 1 and Core 2 exhibit a different inter-annual variability which is probably due to the
inter-annual variation of the mechanisms.
Findings demonstrate that inter-annual variability of Core 1 and Core 2 is linked with the
inter-annual variation of EMC and SMACC.
Results show changes in the location of the SEC bifurcation at inter-annual time scales im-
pacting on the EMC strength and width. The inter-annual variations in the Ekman veering,
associated with the EMC along-shore bottom stress velocity at 24.5◦S, is also associated with
variations in the SEC bifurcation. From these findings we conclude that the inter-annual vari-
ability of upwelling index Core 1 is linked with the variations of bottom Ekman transport, EMC
transport and SEC bifurcation.
The relationship between SEC and EMC was mentioned by Chapman et al. (2003), de Ruijter
et al. (2004), Nauw et al. (2008) who reported that the South Equatorial Current (SEC) is the
main contributor to the EMC. Ponsoni et al. (2016) have reinforced that the major origin of the
EMC is linked to the South Equatorial Current (SEC). However, Swallow et al. (1988), Schott
& McCreary (2001) reported that the majority of the SEC fed more the equatorward branch
than the poleward branch after hitting the east coast of Madagascar but the SEC remains the
main contributor which influences the southern and the northern extension of each branches.
Chen et al. (2014) investigated the SEC bifurcation off east Madagascar and found that the
oscillation of volume transport of each branch (Northward and Southern) exhibits a seasonal
variability. Chen et al. (2014) also demonstrated that the mean SEC bifurcation should favour
more volume transport towards to south based on the Godfrey’s island rule (Godfrey 1989).
This means that the SEC may feed more the southern branch than the northern branch and
could influence more the EMC.
This study clarifies the influence of the SEC to the EMC and its southern extension.
Masumoto & Meyers (1998), Palastanga et al. (2006) explained that it is the variability of the
local wind field and the wind curl, in the central Indian Ocean, which modulates the SEC vari-
ability arriving at the east coast of Madagascar. This implies that the large scale gyre in Indian
Ocean has an impact on the SEC which regulates the EMC volume transport and influence the
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incidence of upwelling cell in Core 1.
Lutjeharms & Machu (2000), DiMarco et al. (2000) suggested that the upwelling is induced by
the interaction between the EMC and the topography. This study confirmed and provided new
insight on the interactions between the EMC and the coastal upwelling. Moreover, we have
established that the dynamics of large-scale Indian Ocean gyre have an important impact on
the upwelling system.
Our findings also highlight that inter-annual variability of Core 2 is influenced by the vari-
ability of SMACC. The inter-annual variability of the SMACC volume transport is linked with
the inter-annual variability of the upwelling index. Intensification of the SMACC induces re-
duction in the upwelling index. The results suggest that the observed cyclonic wind stress curl
can lead the intensification of the SMACC volume transport with a downstream impact on the
upwelling. The intensity of the wind stress curl, by enhancing the SMACC, is the main forcing
regulating the inter-annual variability of the upwelling cell in Core 2.
It was also found that it is not only the cyclonic wind stress curl which regulates the intensifica-
tion of the SMACC at inter-annually time scale. In certain years (Figure 6.5), the intensification
of the SMACC is not explained by the enhancement of the negative wind curl. This could be
the contribution of the cyclonic mesoscale eddies to enhance the SMACC volume transport
at the southern extension briefly explained in Chapter 5. Separating the contribution of dual
forcing which intensifies the SMACC should be a further work to fully understand the implica-
tion of the southern extension of SMACC upon the intensity of the upwelling at inter-annually
timescale.
Although there is limited number of years in the reconstructed upwelling index, linear rela-
tionships are consistent in concluding that both upwelling cells, Core 1 and Core 2, are locally
influenced by the Subtropical Indian Ocean Dipole, where Core 2 is more impacted. The Core
2 is also more influenced by the positive Indian Ocean Dipole than Core 1 is. Moreover, effects
of El-Niño Southern Oscillation have impacted both upwelling cells after a one year period.
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Figure 6.7: Periodicity of upwelling index anomaly for Core 1 using wavelet analysis. a- Wavelet
power spectrum of the monthly upwelling index anomaly. Red contours denote the 95% of significance
levels above a red noise background spectrum. Grey shaded area indicates the “Cone Of Influence”
where the edge effects become important. b- The global wavelet power spectrum assuming the same
significance level and background spectrum as in the wavelet power spectrum of the signal. The grey
thin plots are the power spectrum of the signal. The black bold line is the power spectrum low-pass
filtered. Above dashed lines correspond to the 95% significance level. c- Time series of the upwelling
index anomaly at monthly time scale.
According to the Sverdrup theory, the subtropical gyres are driven by the wind curl due to
the transition from the trade winds at the tropic level to the high latitude westerlies (Pedlosky
et al. 1997). The dynamics of the wind stress anomalies is the potential mechanism associated
with the flux of western boundary currents in the region (Palastanga et al. 2006, Chen et al.
2014). Changes in trade winds in the Indian Ocean during Indian Ocean Dipole and El-Niño
Southern Oscillation event (Saji & Yamagata 2003, Wu & Kirtman 2004) can generate change in
the ocean dynamics which can impact the upwelling processes induced and influenced by ocean
currents. Palastanga et al. (2006) also mentioned that the South Equatorial Current (SEC),
and its branches, along the east coast of Madagascar are weakened during the positive Indian
Ocean Dipole event, but intensified during negative Indian Ocean Dipole. This highlights the
possible contribution of climate teleconnection events in impacting coastal upwellings at Indian
Ocean rim, including the upwelling south of Madagascar. For instance, the El-Niño Southern
Oscillation events also reduce shelf-edge currents generating upwelling off south Australia during
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the winter time (Middleton et al. 2007).
Allan et al. (1995) and Reason (2000) have revealed that the Indian Ocean exhibits a decadal
variability. Core 1 seems to be more exposed to the Indian Ocean variability. Figure 6.7
provides explanatory analyses of the periodicity of the upwelling index in Core 1. Although
the limited number of years in the data sets, Figure 6.7 shows a significant ten years period in
the wavelet map (Figure 6.7a) and in spectral analysis (Figure 6.7b). This shows the evidence
of a decadal variability affecting the upwelling. The decadal variability occurring in the Indian
Ocean may also impact the SEC and induces a cascade effect toward the Core 1 variability.
Han et al. (2014) have explained that the physical mechanism inducing the decadal variability
is more attributed to the decadal variability of the El-Niño Southern Oscillation. Adding to
that, Ashok, Chan, Motoi & Yamagata (2004) also revealed the existence of a high correlation
between the decadal Indian Ocean Dipole events and the decadal variability of El-Niño Southern
Oscillation occurring at the Indian Ocean. This study found that the Core 1 is more influenced
by the El-Niño Southern Oscillation which can explain its exposure to the decadal variability.
In this study, it is found that the upwelling south of Madagascar inter-annual variation
is dynamically complex and highly variable under the influence of the Eastern and Western
boundary currents surrounding the upwelling in both sides. Undoubtedly, Indian Ocean climate
oscillation remains the major influence which generates change in the ocean dynamics features.
This clearly links upwelling with large scale Indian Ocean variation through teleconnections.
The inter-annual variability of the upwelling is important to further understand the variations in
ocean circulation pattern in the region involving the upwelled water which remain unclear such
as the formation of the dipole of mesoscale eddies at south of Madagascar and the system of the
retroflection of the southern extension of EMC bringing nutrient to favour the phytoplankton
bloom at Madagascar basin.
The inter-annual variability in this study is also important for anticipating changes in the
upwelling productions for the socio-economic matters and fisheries related management. This
could help to implement an eventual contingency and mitigation plan against the Indian Ocean
climate variabilities influencing the upwelling occurrences.
Chapter 7
Conclusion and Perspectives
Satellite observations from multiple sensors, in-situ data sets and ocean model simulations were
used to investigate the variability and the forcing mechanisms of the coastal upwelling south of
Madagascar.
7.1 Variability of the upwelling cells
Satellite SST products were carefully selected to identify upwelling cells around the south
Madagascar coast. A new algorithm based on the detection of colder waters from the SST
imagery was proposed and combined to the Canny Edge detection algorithm to determine the
offshore extent of the upwelling cells. Our analysis conducted over a period extending from
2003 to 2015 showed that two well defined upwelling cells exist: Core 1 to the south-east and
Core 2 to the south-west. The colder waters observed in the SST imagery are associated with
increased Chlorophyll-a concentration, confirming the occurrence of upwelling.
Core 1 and Core 2 are different. But the Core 1 appears to be more perennial, occurring 70
% of the time, while Core 2 occurs approximately 50 % of the time during the period of 2003
to 2015. This difference is attributed to the different variabilities regulating incidence of the
coastal upwelling.
Both upwelling cells have a strong seasonal cycle, with a pronounced upwelling in austral winter
and moderate in austral summer. Their seasonal cycles are in agreement with the Chlorophyll-a
concentration response.
Core 1 and Core 2 exhibit different inter-annual variability which is linked to the ocean currents.
106
CHAPTER 7. CONCLUSION AND PERSPECTIVES 107
SST long term trend analyses revealed that both Cores are subjected of a slight warming where
Core 1 is more exposed.
Inter-annual variability in both cores is influenced by the Subtropical Indian Ocean Dipole
(SIOD) with a lesser influence of the Indian Ocean Dipole (IOD), particularly for Core 1. Inter
annual variation in Core 1 and Core 2 also show a correlation with El-Niño Southern Oscillation
(ENSO) with a 12 months lag.
The presence of two separated upwelling cells characterised by different spatial and temporal
variability is attributed to the multiple and different physical forcing mechanisms which drive
upwelling in Core 1 and Core 2.
7.2 Multiple forcing mechanisms of the upwelling cells
Chapter 4 revealed that the predominant easterly winds around Madagascar drive an offshore
transport along the south coast and promote coastal upwelling. Winds vary seasonally and are
more upwelling favourable during the austral winter season. While winds drive upwelling in
both cores, the east/west orientation of the coastline near Core 2 implies a stronger response to
upwelling favourable winds. The coastline of the eastern extension of Core 1, between 24.5◦S
and 25◦S, appears to be not favorable for a wind-driven upwelling. An idealised simulation
has been applied to test the sensitivity of the wind stress over the upwelling region. Result
highlighted that a small part, especially the eastern extension, of Core 1 persisted after the
test, while upwelling in Core 2 vanished.
The upwelling cell in Core 1 is primarily forced by the EMC. Based on our analysis of a
two year time-series of the EMC volume transport derived from in-situ measurements (Ponsoni
et al. 2015), we find that 61% of variability in Core 1 occurs as a result of changes in the EMC
volume transport, with a stronger EMC favouring a more intense upwelling. The role of the
EMC as a main driver of variability for Core 1 is confirmed through an analysis of model out-
puts from a high resolution simulation of the region. The pattern of inter-annual variability of
the upwelling index in Core 1 appears to be linked with the EMC volume transport integrated
over the 1000 m depth calculated from the model solution over a period of 24 years. The result
confirmed a stronger EMC volume transport will drive intensified upwelling in Core 1.
The Ekman bottom transport at the southern extension of the EMC, calculated using the linear
bottom stress theory (Schaeffer et al. 2014) reveal that the along-shelf advection of the EMC
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generates uplift of bottom water due to high bottom stress in the vicinity of 24.5◦S. The inter-
annual variability of an Ekman bottom transport co-vary with the upwelling index inter-annual
variation in Core 1. This result strengthens the hypothesis that interactions of the EMC with
the topography drive a dynamic upwelling for Core 1 (Figure 4.12).
Another finding of this study was to show the impact of SEC variability on the EMC and in
upwelling on Core 1, thus revealing the link between the SEC and upwelling south of Madagas-
car.
The Lagrangian experiments revealed that 81 % of upwelled water Core 2 arrived from the
south-west of Madagascar, while a small portion of particles about 18.5% come from the EMC.
This result reveals a presence of a flow coming from the Mozambique Channel. Satellite obser-
vations, Ship-board ADCP, Global drifters data and model solutions confirmed the presence of
a previously unknown coastal current: the South-west MAdagascar Coastal Current (SMACC).
Chapter 5 describes for the first time the physical characteristics of the SMACC. We showed
that the SMACC is a surface warm coastal current situated at the south west of Madagascar,
flowing from the Mozambique Channel toward the southern tip of Madagascar. The mechanism
driving the SMACC is the intensification of the cyclonic wind stress curl due to the bending of
the trade winds south of Madagascar.
Chapter 5 found an anti-correlation between the SMACC and the upwelling index associated
with the Chlorophyll-a concentration in Core 2 at seasonal time scales. The SMACC has a
downstream impact in Core 2. The warm water carried by SMACC appears to reduce the sur-
face signature of the upwelling cell in Core 2. A deeper and stronger SMACC may lead to warm
SMACC water being upwelled into Core 2. Chapter 6 also highlighted that the inter-annual
variability of the upwelling index in Core 2 is linked with the inter-annual variability of the
SMACC. Inter-annual variability of the cyclonic curl of the wind leads to a stronger SMACC
and promotes decrease in Core 2. It is also suggested that the variation of the SMACC volume
transport may interact with variations of the SMACC undercurrent which could further impact
the upwelling.
Although Core 2 is primarily a wind-driven upwelling, the SMACC is another driver of its
variability.
This study followed up on the research gaps and the recommendations identified in Lutje-
harms & Machu (2000), DiMarco et al. (2000), Machu et al. (2002) and Ho et al. (2004) to
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combine satellite observations from multiple sensors with numerical model simulation to im-
prove understanding of the spatial extent and to elucidate mechanisms of the coastal upwelling
south of Madagascar.
The highlights of the study are recapitulated in the Figure 7.1 which shows the presence of
two separated upwelling cells (Figure 7.1), the existence of the new coastal current flowing
south-west of Madagascar: the SMACC, and contribution of the coastal upwelling to the ocean
circulation south of Madagascar which have important regional repercussions.
Figure 7.1: Schematic illustration of the local ocean circulation adapted from (DiMarco et al. 2000,
Schott & McCreary 2001, DiMarco et al. 2002, Lutjeharms 2006). The green polygon illustrates the
upwelling area. The red arrow is the illustration of the new coastal current: the SMACC.
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7.3 Research outlook
The study provided understanding of upwelling variability and its mechanisms. Further inves-
tigations should be oriented to the study of the importance of the upwelled water contributing
to the variability of the local and regional ocean circulation patterns. Literature mentioned
the contribution of the upwelled water to influence the formation of mesoscale eddies dipole
at the south of Madagascar (Ridderinkhof et al. 2013), and to favour the large phytoplankton
bloom at the Madagascar basin (Longhurst 2001). Based on these connections, the variability
of upwelling may explain the variability of the mesoscale eddies dipole occurrences, large phy-
toplankton bloom at the Madagascar basin, and the variability of Agulhas Current which needs
to be investigated for a further work.
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To investigate the inter-annual variability of the coastal upwelling, we combined the MUR SST
and AVHRR SST (Version 5) to extend the upwelling index (Equation 4.2) in each Core. There
is limited SST product which can cover a long-term period beyond 30 years. The AVHRR SST
covers the period from 1982 to 2009 within a 4 km resolution grid. The MUR SST covers the
period from 2013 to 2017 within 1.1 km resolution. Figure A.1 shows the correspondence of
time series between the upwelling index derived from AVHRR SST and MUR SST. Both time
series are combined to get 35 years of upwelling index time series.
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Figure A.1: Time series of upwelling index reconstructed in each Core. Time series coloured in red is
the upwelling index derived from AVHRR SST product. Time series coloured in yellow is the upwelling
index retrieved from MUR SST product.
Upwelling index and Chlorophyll response
Figure A.2 and Figure A.3 show the time series of chlorophyll concentration (green) and the
upwelling index (black) in Core 1. The chlorophyll time series is the combination between Sea-
WIFS, 4 km grid resolution during the period of 1997 to 2002, and the MODIS AQUA, 4 km
grid resolution during the period of 2003 to 2016, in monthly time scale. The upwelling index
is the upwelling index utilized in Chapter 6.
Figure A.2 confirms the correspondence between the upwelling index and Chlorophyll concen-
tration generated for Core 1.
Figure A.3 also highlights the high linear relationship the upwelling index and Chlorophyll
concentration in Core 2.
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Figure A.2: Time series of chlorophyll concentration (green) and the upwelling index (black) in Core
1
Figure A.3: Time series of chlorophyll concentration (green) and the upwelling index (black) in Core
2
Figure A.4 show the wavelet analysis of the Chlorophyll A concentration at the south of
Madagascar. Modis AQUA, 1 km resolution grid, is used.
Four stations, Core 1 and Core 2 and southern extension of EMC and SMACC, have been
selected to represent the variation of chlorophyll-a concentration at south of Madagascar.
The wavelet analysis of chlorophyll-a data is computed to analyse the periodicity and frequency
of the time series in each station in the map (bottom right).
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The first wavelet power in station 1 shows a significant bi-annual cycle during the period 2005
to 2006 and 2007 until 2013. This means that the chlorophyll-a has a two high consecutive
production periods, i.e. summer production and winter production.
The chlorophyll A concentration is very high in station 2. A strong energy is observed in 12
months period and low in 6 months for the Station 2 in the wavelet map and the spectral
analysis. This is an indication that high chlorophyll A production occurs generally during the
austral winter and remains intense throughout the years.
The wavelet power shows a significant energy of signal in the 12-month period continues and
remains stronger throughout the year in station 3. The global power spectrum also confirm that
an important energy reach the 95% of significance in station 2. Indeed, station 3 is dominated
by seasonality marked by an important peak at 12 month period.
Station 4 has the lowest chlorophyll A production. The maximum concentration is about 1/5
of the maximum of chlorophyll A concentration in station 1. The periodicity is dominated by
an annual cycle similar than in station 3.
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Figure A.4: Periodicity of chlorophyll-A concentration using wavelet Analysis. Four panels on the
top right are wavelet power spectrum of the monthly chlorophyll-A concentration of each station en-
countoured with respective colors. Contours color represents specific station where time series were
extracted: Green represents to station 1, cyan represents to station 2, magneta corresponds to station3
and yellow corresponds to station 4. Contours denote the 95% of significance levels above a red noise
background spectrum. Cross-hatched and shaded areas indicate the “cone of influence” where the edge
effects become important. Four panels on the top left are the global wavelet power spectrum assuming
the same significance level and background spectrum as in the wavelet power spectrum for each station.
Above dashed lines correspond to the 95% significance level. Left bottom panel contain time series
of chlorophyll-A concentration in monthly time scale of each station. Right bottom panel illustrate
stations on a map where the time series for the wavelet analysis are extracted.
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Approximation of the Coastal and Regional Ocean COm-
munity model (CROCO) equations
The following section will describe the approximated equations solved by CROCO numerical
model to reproduce the state of the ocean.
• Equations of motion
Here below are the primitive equations of motion, under Boussinesq and hydrostatic approx-




+ ~v.∇u− fv = −
∂φ
∂x
+ Fu +Du (A.1)
∂v
∂t
+ ~v.∇v + fu = −
∂φ
∂y
+ Fv +Dv (A.2)
∂T
∂t
+ ~v.∇T = FT +DT (A.3)
∂S
∂t
















ρ = ρ(T, S, P ) (A.7)
- Equation A.1 and A.4: the horizontal momentum equations.
- Equation A.3 and A.4: the advection-diffusion governing the potential temperature. T and
salinity S.
- Equation A.5: the hydrostatic ad mass balance.
- Equation A.6: the continuity equation for an incompressible fluid.
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- Equation A.7: the equation of state for seawater (Shchepetkin & McWilliams 2005).
• Vertical Boundary Conditions
At the surface and bottom boundary conditions, CROCO introduces external forcing terms
through vertical viscosity and diffusivity.
1) At the surface ( z=ζ(x,y,t) ) as: 2) At the seafloor: z=-H(x,y) as:
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Vertical velocities associated with the variation
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Non-crossing of the topography by the flow at
sea-floor:
−w + ~v.∇uH = 0 (A.19)
The bottom stress is parametrized by a choice
between linear, quadratic, or logarithmic terms.
Bottom friction is established as:
τxb = (γ1 + γ2
√
u2 + v2).u (A.20)
and
τyb = (γ1 + γ2
√
u2 + v2).v (A.21)
Symbols in the equations:
• x,y,z - are the zonal, meridional and vertical directions (m) in the Cartesian coordinate system.
• u,v,w - are the components of the vector velocity ~v (m s−1) in x,y,z respectively.
• t - is the time in seconds (s).
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• f - is the Coriolis parameter (s−1).
• φ - is the dynamic pressure (m2 s−2).
• Fu, Fv, FT , FS - are the possible forcings terms.
• Du, Dv, DT , DS - are the dissipative terms.
• T - is the potential temperature (◦C).
• S - is the salinity (psu)
• ~g - is the acceleration of gravity (m s2).
• ρ - is the seawater density (kg m−3).
• ρo - is the mean seawater density (kg m
−3).
• P - is the total pressure (N m−2 or Kg m−2).
• ζ - is the sea surface variation (m).
• τxs , τ
y
s - are the surface wind stress (N m
−2), in x and y directions respectively.
• τxb , τ
y
b - are the bottom wind stress (N m
−2), in x and y directions respectively.
• QT - is the surface heat flux (W m
−2).
• Kv - is the coefficient of vertical eddy viscosity (m
2 s−1).
• KT , KS - are coefficients of vertical eddy diffusivity (m
2 s−1).
• Er - is the evaporation rate (cm day
−1).
• Pr - is the precipitation rate (cm day
−1).
• Cp - is the heat capacity of seawater (J kg
−1 ◦C).
• H - is the total ocean depth (m).
• u10, v10 - are the horizontal components of the wind vector in x and y respectively, measured
at 10 m above sea level.
• CD - is a non-dimensional wind-drag coefficient.
• ρair - is the density of atmospheric air (kg m
−3).
• γ1 - is the coefficient of linear bottom friction.
• γ2 - is the coefficient of quadratic bottom friction.
SMACC extension
Figure A.5 shows the second portion of the SADCP transects in Figure 5.3. Figure A.5 reveals
the extension of the SMACC which can reach the southerntip toward the Core 1. This demon-
strated the result seen in the Lagrangian experimentation explaining that the upwelled water
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arrive from the SMACC to fill the Core 1.
Figure A.5: Second part of the measured near surface current from SADCP data on board the R/V
Fridtjof Nansen shown in Figure 5.3. Transect a, c, g are transect of SADCP in Figure 5.3
and Sea Surface Height from AVISO associated with the same period of the SADCP
measurement. Transect h, i are transect of SADCP showing the eastern extension of the
coastal jet and the Sea Surface Height from AVISO associated.
Mean surface currents
Figure A.6 shows the mean geostrophic currents derived from mean dynamic topographies from
model solution, satellite observations (RIO 2005, CLS 2009, CLS 2013, Maximenko 2015) and
ARGO floats displacement (ANDRO).
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Figure A.6: Mean surface currents derived from different mean dynamic topographies: a- Model
solutions, b- (Maximenko et al. 2009), c- CLS-2009 (Rio et al. 2011), d- CLS-2013 (Rio et al. 2014), e-
RIO-2005 (Rio & Hernandez 2004) and from ARGO floats surface displacement f- (Ollitrault & Rannou
2013).
